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AWM~ACT

Inve&itgation of the feasibility of using endothermic reactioios of
hy dvcarbons to augment the latent and renvIble heat of fuels f¢" cooling
engines operating under a high mach number regime is continuing. The liters-
ture continues to maintain the desirability and feasibility of producing
vehicles with hypersonic flCitht speeds; sone areas of advantage for
hydrocarbons are ouggeatta.

',The dehydrogenation of Decalin over a platinum/Ala0; catalyst has
been rtudied cxtensively on a laboratory scale coverimg the temperature
region up to 1200'F and prepsures to 10 atma, in both once through and
differential sysalnmsein order to provide kinetic data for the construction
of a mathematical model.-.Studies on the thermal reaction of SHELLDINE and
its hydrogen treated derivative indicate that the hydrogen treatirg increased

the stability by a factor of 1500 (the reactivity of SHELIWYNE-H Is about the
a same as that of Decalin).

' Produotlon of catalysts u dta•-ojr-eat -ew.o~sat-p have
turned up a number of the 536 catalysts examined that are more active than V:
otr standard Pt/AlCi3 ' catalyst, but no breakthrough in either activity or
cost has been achieved. Further testing has shown that catalysts which
demonstrate improved activity with MCH do the rame with Decalin and has
confirmed the observaticn that Imprc-ed catalyst stability in associated with
mull pore size.-Our efforts to reduce the heat transfer and preasure drop

problems inherent!)1n a bed catalyst b$ applying the cataly, , to the wall of
the heat exclange tube have met with some success. Studie. on molecular and
dispersed catalysts are underway. A pulse reactor to be used in this study
has been successfully operated with MCM.

)Heat transfer studies in a simailated single tube fuel system have
confirmod the mathematical model for the catalytic dehydrogenation of MCI' up
to a beat flux of 600,000 Ptu/hr/sq ft.1-.They also indicat.e the necessity for
catalysts of higher activity and stability such as are available from our
catalyst development program. Heat transfer, studies with nonreactive cooling
to be applied with a regenerative ramjet indicate maximum temperature limits
of 1350*F for tube wall and II5O°F for the fluid. A maximum heat flux of

85 x 106 Btu/hr/sq ft has been achieved to date. batisfactory correlations
of the Dittub/Ploelter type have been developed for the super critical region
but ere less satisfactory in the critical and nubcritlcal regions.

In studying the effect of environment on'$he thermal stability of
Decalin at 6000F, it was found that exposure to high surface areas of iron,
copper and chromium had a deleterios affect which eild be largely controlled
with MMA.

0 SJfLIDYNE-H was found to have a satisfactorily• short ignition delay
in shock tubw studies compared to other hydrocarbon syate•m. An interesting
"double delay" behavior was observed with SHEIDYNE itself. IThe thermodynamic
and tranbport properties of t.ens-Decalin, SFtLUYV1 and JP-7 and a
bibliography of rezent literature of interest are included. ( *
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WVA IZIM AMD EN)MT 4C FUV= FMiR ADVANCED EMINE APPLICATION

Introduction

The objective of thin study is to provide the infor mtion necessary
for specitying fuels which will be capable of providing cooling and propulsion
for engines powering aircraft in the speed range above thch )d The fuel Vill
provide cooling by giving up its latent and sensible heat and by undergoing
endothormic reactions before it is fed into the engine as vaporized fwl.
Practically, this could be in the temperature range up to about 1500"Fe In
order for the fuel to function in this ucnner# it must have excellent thermal
stability up to the temperature at which reaction occurs and alsa in the post-
reaction portion of the heat exchanger, to avoid fouling problems. Work under
early Air Force contracts served to establish maMn of the parameters vhich
obtain in delineatirg the boundaries of the problem. Work was done under our
previous contractJL-3 to define more closely the advantages and limitations
for the application of hydrocarbon fuels. In that contract it was intended to
develop specifications for a fuel or fuels which could be utilized for advanced
engine application and to design methods ead equipment for testing the
properties of such a fuel.

In order to alloy precise definition of the fuel# we studied various
problems that could arise in several parts of the fuel-combustion system.
These included thermal stability problems uhich could originate in the fuel
tanks or in ies various metering devices and fuel lines; deposition or coking
problems which could affect the efficiency of heat exchanger-reactor devices
and catalysts, or plug fuel nozzles; and cobustion parameters hieh could
affect the design or operation of the combustion chambers. In order to provide
a sound basis for the selection or rejection of fuels, ye endeavored to relate
the farious phenomena observed to the physical and chemical properties of the
fuels studied,

The problem areas and approaches used were broten down in the
following manner: we improved a previously designed coker apparatus to permit
it to be used to study the thermal stability of possible fuels and components
at temperatures up to 9WOF. Ve studied possible thermal and catalytic rea-
tions in laboratory scale equipment in order to test the reactivity of fuels
and the suitability of selented catalysts. The heat sinks available in the
h~'rocarbons tested were calculated from thermodynamic Properties of the
reactants and products. A fuel system simulation test rig (FSSTR) vas con-
structed and used to provide data on hydrocarbon syatems. A computer program
for simalating the behavior of a packed bed reactor was modified to accept and
correlate the results obtained in the fuels system simulator. The subsonic
combustion properties of selected fuels and reaction products were observed in
a small scale combustor while the ignition-delay behavior of the same fuels
and products vas studied in a single-diaphragzi shock tube to give an indication
of supersonic combustion properties.

.) 3ee References.
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Part II

Studies done wer the previous contract Indicated the general
feasibility of the endothermic reaction approach, partt.oularly the utilization
of catalytic dehydrogenation reactions. Our best results have been achieved
with the platinum/alumna-mer)ylcyclohexmne comblnation. With this combine-
tion, the posstbil.ty of achieving the original conceptual goal of 2000 Btu
per pound of fuel total beat mink seems possible. The Importance of restrict-
Ing the oxgep content to very low levels to reduce heat exchanger problems
wee also Indicated. Operattons with the fuel system simulation test unit
(FMMnT) have provided valuable date for beat exchanger design calculations
and demonstrated the possibility of high space velocity and long catalyst
life wlt-j the MMI eystem. ULnitation of thermal ciacking of hydrocarbons to
a relatively low heat sink of about 300 Btu per pound due to hydrogen transfer
reaction was dcnonrtrated. The mathematical model for the cylindrical axial
flow reactor was found to be adequate to the extent of its present develop-
ment. The combustion #tidies suggest that the possibilities of burning the
proposed feed materials and the products of their dehydrogenation under both
subsonic and supersonic cmbustion conditions are praeising.

Under the present contract we are continuing and extending the work
done under the previous ccntreot with som chauges in emphaasis. We are con-
tinuirg to survey the pertinent literature and Vill iss. bibliographies from
time to time. We will continue to consider various feed materials which
might be usetfl in this application and a&sess the probability of their being
smucessful candidate materials. Such candidates are screened in our small
scale equipmunt for reactivity and effect on catalyst life and their thermal
stabilty under beat exchange conditions. Succesasul candidate materials are
tested with Improved catalysts an also under largr scale conditions as
represented by cur fuel rtwem simulation test rig.

In the previous contraot only a limited number of catalsts,
selected for their probable activity, were tested with a variety of feed
materials. The reactions of interest in that program included debydrogena-
tion, debhdrocyclisation and depolymerization. In the prevent program we are
conducting an extensive catalyst development program for nev catalysts for
these types of reactions. This involves the small scale preparation of a
wide variety of catalysts in which catalytic elements (e.g., transition
metals) are deposited on substrates and modified by a variety of noncatalytic
elmerts such as, for example, the alkalies, alkaline earths, and halogens.
Other catalywti are prepared containing metallic oxidea and acidic sites.
Such catalysts awe tested initially in a mall scale apparatus (Iticro scale
catalyst test reastor, HICM) which allows rapid screening with standard
feed mnaterials such a Mc, n-heptane and tetralobutylene. In addition to
the attempt to prepare superior conventional type catalysts in which catalytic
materials are mounted on substrate graumles, attempts are being made to
prepare necouventional catalysts in which the catalytic material is mounted
In a special way designed to minimize pressure drop, or is previously dispersed
in the feed material, or is formed bly decooposition in the heated zone. Such
nonvonventional catalysts are tested with MCH in a variety of equipment prior
to being used with other feed materials developed an a result of the program
mentioned above.

2he caAputerined mathematical model mentioned above has been
carried to the point where good representation of the FSST experimental
results was possible with different size tubes and catalyst dispositions and

-2-
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variable beat flux and temperatures along the tube length. Difficulty vu
* ecountered in representing different tube lengths, IL-V'a and boat fluxes
but this appears to have been resolved. The program viii eventually nlude
latent a"d sensible heat sinks both before md after the reaction sone, arn
the mating of a reactor-e=hanger with a heat sorce such as a cmnbustor or a
leading edge. Tlu latter step, of couwse, wii req e collaboration vith
engine manufacturers who are vorkinj cm the omoburtor design part of the
overall progrsm.

Extension or the program towards an aircraft systo. requires that
considerably more york be done on the supersonic combustion aspects of the
problem. We are continuing our studies in the sbock tube vith high molecular
veight fuels and their debydrogenation products. Fuels utilir,ed by engine
companies may also be examined in the shock tube to obtain correlatiom with
the results observed by them in their laboratory studies. We also contemplate
completing our work on the examinatiom of sibsonic combustion In the mal
burner developed under the previous contract vith the additional feature of
obtaining quantitative data on the radiation emitted, as a fiawtlcm ft fual fe
ecoposition and burner conditions.

An important consideration in any system which attempts to use the
fuel for cooling is the therlma stability of the fuel in the exchanger portion
portions of the fuel sytem. In our previous contract ye used the S Coker
for evaluating the th, rmi stability both of feea material and of iavducts
produced by both therLl and catalytic reactions. bamiiation of the produota
suffers from the serious deficiency that inevitably a time lapse and som
handling has to oecur, before the products of reaction are tested. We have
therefore constructed a new piece of equipment under the present ccatact
for establishing a standard test for both cauayoU and fuels. Thi unit,
called the Catalyst and Fuel Stability Test RiC (CYFSTR)., permits simulation
of the thermal environment and representative contact times all the ,ay from
the fuel tank to the engine inlet. Auels will be tested using a standard
catalyst, mwile catairuts win be tested using a standard fuel.

Specifio suport ts also being ftumished to contractors in the
cooling program. Whis suppt consists of consultation with renpect to
problems encountered in the study progzum, the furnishing of tecebical data
required for the solution of design problems or for the carrying out of
experimental investigations.

S,,o
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Wk to brig our knowledge of the Decalin system up to that we

bave of MM hbs continued. Weause of the existence of two iscoers in the
feed and the two-step nature of the dehydrogenation, the Deoalin system Is
conadeably more complioated than MCR. Kinetic data has been obtained in
diluted beds and under recycle condItions allowing for completion of a
mthemattcal model for the system.

7be thermal reactivity of the high density fuel, SHE•L,*I, and

the eaffect of hydoen treatment on thin reactivity has been studied in our
bench scale reactora. SHELLUN vas studied over the temperature range 70
to 90*F at pressures up to 10 atme. The thermal reactivity increased vith
both tmperature and contact time. In the all metal system used, SHELI.YNE
van found to be quIte reactive leading to coking at the higher contact times
and temperatures; pressure bad little effect. Hydrogen treating geve a much
more thermally stable product an vas evidenced in studies covering the
temperature range 1022 to 202*F and pressures to 10 a1ms. It in estimated
that SMULDM In 1500 times as reactive an the )u~rogen-treated material.
In both came,, the Wifferent Isomers had different rates of reaction.
SW == H yas found to be only Uigttly more reactive than Deoalin.
Testing of catalyats prepared under our catalyst development program has
continued. The general procedure is to screen the catalysts rapidly with
MCH an the test fluidj, e=xining promising catalysts nore extensively under f
bench scale conditions with MCR and if they are still favorable, utilize
Decalin as a fturter test fluid. A goup of six catalysts that appeared
promising under bench scale conditions dth MCH have now been tested further
with Decalln. Out of this study has cche a =mnber of catalysts of improved
actvity end stability with both MCH and Decalln.- Further evidence that the
stabilit~y or the catalyst Is related inversely to the pore esie of the support
bhav been obtained. An additionsl five catal~yts which had appeared proaising
under l= scale test conditions have been evaluated in bench scale reactor
testing. On the basis of preliminary work two of the catalysts appear 32 and
26% more active than the standard cata4st. Additional catalysts have also
been prepared and submitted to micro scale testing. The tctal number of
catalysts prepared under our program or obtained from p etry or eomer-
cial sources nw stands at 536. During this period, the effect of neutral-t
ising the platinizing oe.ution. with different acids has been investigated
with some favorable effects noted. Although most of the catalysts prepared
have less activity than the standirt material# twelve nev materials have
be= found this quarter which are more active. One interesting case of a
bimetallic system ea been found in which the synergistic effect of am
inactive metal on a slightly active metal has been observed. Attempts have
also been made to find catalysts which will be active for the dei drocycl -
lisation of a -heptane to tollS to take adantage of the additional beat
sink available In thin ay. Sow moderately active catalysts were discovered
but noe of sufficient activity to serve the purpose. Cracking van a coimn
side reaction.

?'r suIcess hba been had with attemrpts to develop a nonoonveiional
configuration In wbich the catalyst is attached to the beat exchanger tube
wall. Considerable experimental work has been done to develc way of getting
good bonding to the metal surface without destroyUg the good catalytic
activity of the basic catalyst formulation and developing a technique for
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app.V-ng the coatings to the inside surface of tubes. Thi seems to have been
satisfactorily solved and a number of tubes were prepared with coating thick-
nesses ranging from 3.5 to 13 mila. In the area of developing particulate or
molecularly diapersed catalysts, a number of possible ocmpounds have been
prepared or purchautd. These will be tested out in two different types of
apparatus, an injection autoclave and a pulse reactor. Preliminary work in
the latter has turned up three model compom-As that show soe activity with
MCH in this mode of application.

Work on the development of mathematical models to rwpresent both
reactive and nonreactive heat sink situations has continue.. DiffIcultien
Ain the develolmnt of a satisfactory model to represent Vue Decalin syntI
in which debydrogenation to tetralin and naphthalene occurs necessitated
the acquisition of additional kinetic data under low conversion conditions.
Also, the regenerative heat exchanger model for nonreactive cooling has
required continual modification to represent experimental results. It now
appears satisfactory in the auper-critical region but not below.

Physical and transport properties for SMUDMh a typical JP-T and
trans-Decalin have been calculated using the presently best regarded cm•mputa-
tin• smtems. Theme data are iniluded in this report and have been trans-
mitted to Interested investigators. A 1500 gallon batch of Decalin has been
purified by silia gel treatment.

The experimental study for very high heat flux conditions in suppm-t
of the nonreactive cooling program has been continued using heat exchange
ystem made up Or four- and six-inch lengths of 26.5 wi ID tubing in the

modified FSM (the ' -s "). Six sections have been conutructed to
* date, an1 basically of the same design. These have be= Utised in a series

of estdwth a~rge, Hma and wae stetet1ps.'0~ N fo
rates up to 114 x200lbs/aqfth2, a beat flux of upto8 millionlDitV/fq ft

vanacheve wih amaxmu oulettemeraureofabout 900P wan a maximum
Inlet pressure of 1000 psI. Plugging and burn-out cond'tions were reached
during sawe of these ecperimentes however, in only oae case dwv to coking.

Wforts to develop a simple and reproducible method of rating
deposits on CAFSTR tubes has been continurd. *Ithods favored irmlude solvent
removal of deposits, combustion and electron reflection. A large group of
selected solvents were tested for their effects on deposits formed frcm
Decalin and jet fuel in the AS2M ooker, heating the solvent at 100C for one
hour . The only prcmising solvent found was dimetyltformamide which appeared
to be capable of removing substantially all the deposit although two treat-
ments are required. Soe results on other methods of rating have been
obtained.

The SD-coker has been odified to maintain the feed side of the
* system at system pressure so thr•t the Zenith pump utilizod serves merely as

a metering device, thus avoidirg the .occurrence of pump wear. This system
eem•s to be performing quite sitisfactorily. Rydrogen treating S=fVlJDhE

improved its stability subatantially. Examinatinn of the effect of powdered
metals in Decalin revealed the combination Fe/MDA -v be very deleterious.

Indications of the supersonic combustion Dehavior of tbre. possible
high density fuel components have been obtained y easuri•g ignition delys

lo-o-
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In the single diaphragm ahock tube at tenpera-.ures to 260O0*' and 25 psia
pressure. The order of decreasing ignition delay found van dimethano-Decalin
a SIHI= , octane, SHEIIDYNE H. All fuels had about the seae energy of
stctivation of combustion (40 kcal). SIELDYNE showed a peculiar "double-
delay" behavior •ioh so far remains inexplicable.

Oonsiderations Affecting ABplicatiors

An interesting paper has recently been published by Ferri) (Review
of Srejaet Propulsion Technology) which, although directed towards the use
of IR2 fuel, and he combustion process rather than cooling, has scme perti-
nent points. He points out the importance of good cooling since the maximum
pressure rise across the combustor in the absence of sepuration depends
strongly on the wall trmperature in the region of separation. He notes that
the most severe cooling and heat requirements occur in the burner. Good
burner design requires that the values of both the heat that must be removed
and the maximnu heat transfer coefficient should be minimized but at the same
time the eni&1ne wall thickness must be kept within practical limits. His
rmarks emphasize the necessity to extend our knowledge of cooling techniques
to the uosut in order to develop cooling systems of great flexibility that
will not =duly constrain the engine designer.

An interesting application of the endothermic reaction principle
can b3 made in the case of ablative thermal protective systems. This would
involve incorporating Into the material, a mixture of a high boiling naph-
thane and a finely divided supported, or moleoul.arly dispersed, dehydrogena-
tion catalyst. As the material heated up as the vehicle entered the aetos-
phere, one of the early reactions that would take place would be the dehydro-
genation of the naphthene to an arouatic and hydrogen with the reeui'ing
ejection of the latter frou the solid or liquid layer. As explained by
I. W. Ungasr) the beat transfer rate at the gas interface Is substantially
reduced from the usual value by gas injection. He noted:

"Injecton of gas into the boundary layer cools the gas
adjacent to the surface and thickens the layer, thus reducing
heat transfer rates. The effectiveness of the injected gas
in reducing heat transfer increases as the molecular weight
of the injected gap is decreased. FlIe 5 (1AW shows the
reduction in heat transfer rate, an weasured by the 5tanton
number, as the injection rate, as measured by the blowing
parameter, is Increased. The Stanton number (St) is
defined by

St a •(Peue(hh)]

where i is the heat flux; p is the density at the edge of
the gea boundary laycr; ue fs the velocity at the edge of
the gas boundary laser; and bh is the difference between
the gas recovery enthalpy and gas enthalpy at the tempera-
ture of the wall. The injection rate as measured by the
blowing parameter is the ratio of the mass injection rate
to the product of the streamiae mass flux and the Stanton
number without gas inWettion. Curves are shown for the

-6-
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laminar stagnation point (3) and flat plate Vwkh!Wut gas-
phase reactions (4). In addition, an experimental curve
is shown for air-air with twbulent flow on a flat plate
(5). Thus () t4e heat transfer rate reduction is large
in all oases, (ii) hydrogen redaces the heat transfer rate
more than air, and (iii) turbulent boundary layer flow
reduces the effectiveneas of gan Injection.

"The efficiency of an ablative materiel is frequently
measured by the effective heat of ablation defined by

Heff

where Heff in the effective heat of ablation, and 4o is the
heat transfer to a nonablating surface at temperature Tw.
The effective heat oi" ablation includes gas-injection effects.
The effective heat of ablation is strongly dependent on the
exposure conditions as a result of the factors discussed
above. For illustration, Fig. 6 (1B) shris the effective
heat of ablation of ice as a function of the external temper.-
ature. The curves were computed at three pressures by
Roberts (6) to show the effect of boiling point. The various
components of effective heat of ablation are shown on the
figure. It is clear that vaporization is the dominant factor
and that the effectiveness of ice improves dramatically with
increasing external temperature. At the leading edge of the
vehiole, the external temperatures shown in Fig, 6 (KB) are
equivalent to the stagnation temperatures shown in Fig. 1.
The increase in effective heat of aWlation with severity of
enviror.Aent is a desirable characteristic which is generally
common to gas-producing ablators. To carry the illustration
further, the previously mentioned fligbt condition of 6 kIn.
sec at an altitude of 30 km would lead to an effective heat
of ablation in excess of 1200 calories per gram if the
vehicle utilized ice as a heat shield."

Another method of application of this same principle could be
achieved by selection of the proper plastic for the fabrication of the thermal
protection system. In this casep a plastic is selected containing naphthene
rings as an Integral part of the molecular structure. For instance, such a
plastic might be polymerized cyclohexylethylene, (i.e., hydrogenated poly-
styrene). Into this would be incorporated a finely divided or molecularly
dispersed dehydrogenation catalyst. When this layer heated up the initial
reaction would be to dehydrogenate the cyclohexyl rings giving a very effec-
tive ablative system, since as Ungar explains in the section quoted above,

* hydrogen is a very ctfectlve gas in reducing the heat transfer at the ablating.
surface.

An interesting comparisan between the performance of various fuels
has been made by Amin and Molders) in a paper entitled "Performance Comparison
of Gun-Launched ScramJets for Various Fuels". The fuels compared are kerosene,
triethyl aluminum (TEA), liquid hydrogen, and SHELLDYNE. The author uded
the following parameters for the scramjet engine powered gun-launched vehicle:

"-7-
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SCIbETr MINE PARAMTWF LD '
CAICUIATE FERFORFANCE

Parameter Value
Intake area ratio, A Jj: 12,5
Intake efficiency, kal 0.9K4
Fuel total pressure, psf 200,000
Fuel total temperature, *R 550
Downstream fuel injection angle, deg 45
Combuator area ratio, AS/A, 4.5
Average pressure factor, i. ) 1
Exit/inlet are3 ratio, A7 /Aj 1

a)- - "process efricie•c-y" - -h h-/7
(ha - h1 ) where the superseript prime denotes
conditions obtained wheu the air at station
5 is expanded isentropically until p3 3 Pl
and, h is static enthalpy.

b) Defined by F a p3 + n(p, - pa) where p is
static pressure and p is the average pressure
required to calculate the thrust on the
combustor internal walls.

Although they evaluated both volume limited and weight limited vehicles, they
consider the volume limited case to be more practical. The authors concluded
that "SHELIDYNE• wa the best of the four fuels considered for volume limited
scramJet vehicles. There is no significant theoretical performance difference
between the WTA and kerosene Wt. the former might give better performance in 4

practice because of i+s greater reactivity. Nonoptimised single stage 90'
gun-launched scranjet ehiales uminm these fuels are theoretically capable of
accelerating a 200-lb payload from Mach 5 to Mach 9 during ascent and reaching
an altitude of approximately 200 miler'". Ybr 90" launching, the actual values
of the apogee calculated out to be 275, 215, 205.. and 78 miles for SMIAYU,
kerosene, TEA and U12t respectively. At 450 launch, the range in miles (in
the same order) would be 405, 316, 301, and 115.

In consideration of the state of knowledge with respect to the
kinetics of hkdxrocarbon air supersonic combustion, it is apparent that there
in a need fw" much further work in this field. This is evident from a study
of the analysis of nonequilibrium bydrocarbon air combustion presented in the
paper by 'd, Chinitz a-d P. Baurer 7 • which is a good summation of the complexity
of the kinetic situation in this sort of system and the difficulty of agreeing
on the nature and importance of such a fundamental parameter as the ignition
delay time. In view of the problems which have been encountered in achieving
successful piloting of a hydrocarbon scramiet especially if air rather than
pure oxQGen ic used as the pilot flame oxidant. it is suggested that further
investigation of the effect of various types of alditives on the ignition
delay and also on the oxidation rate following the onset of ignition is
urgently needed. The first approach to obtaining this sort of data can
probably best be made in a shock tube.

An interesting anqalysi of aircraft engines development was made
recently by A. A. Lombard."; lie points out that the best way tW increase the

- 8-
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overall thermal efficiency of a power plant is to fl,, faster. A lot of
difficult enginecring in an engine is only necessary because of the low design
speed - since the jei velocity must be Low. .L2_e 2 is an illustration talIen
from Figure 52 in nia paper which shows how the overall thermal efficiency of
a range of engines varies with design Mach number. He states "this is an
envelope curve in that from 0.8 to above 2 Mach number the curve represents
the efficiencies of a range of turbo fan engines, from 2 to just below Mach 3
a rage of pure Jet eagines and from Mach 3 onwards ramjeta. It is very clear
that at higher Mach numbers utilization of energy is very good indeed." And
again, "as we go still higher in design hath number the design of an air-
breathing pov'er plant becomes even more difficult. At a Mach number of 7 in
the stratosphere the total temperature of the air entering the engine is over
2000% and the combustion temperature must be of the order of 3000C in order
to achieve a v:orthwhile thr,,st. Quite apart from the metallurgical problems,
there tare bi; probla= connected viLh the dissociation of the products of
combustion of normal fuels which mahes the attainment of these temperatures
difficult."

It is evident that considerable incentive exist;a for the development
of a multiple purpose additive. On. which will Ant as a dehydrogenation
catalyst in the heat exchanger of the engine, will act as a combustion catalyst
in the combustion chamber and will act an a recombination catalyst in the
nozzle section of the egine. ,.'ile it may be visionary to hope that this can
be ochieved, there are compounds of metals and oxides that have properties
which encourage us to continue dreaming.

Some interesti:g papers having to do with heat transfer and boundary
layer flow have appeared recently which are perti.nentrto the present inventi-
gation. Lewis, Kubota and Lees published an article" in the A.1,A.A. JouMral
for January 1968, p. 7 on an "Experimental Investigation of Supersonic
Laminar Two Dimensioial Boundary Layer Separation in a Compression Corner
Wits and Without Coolin;". They compared the surface ;ressure distribution
-for cold wall with the adiabatic configuration for a lazinar interaction and
observed the dependence on Reynolds nuiwber for both laainar and transitional
interaction. The free interaction similarity suggested by Chapman was empir-ically tested and found to be a good approxiwation for the adiabatic cunfii~ur-

ation but it failed to correlate ti-e cooled case with the adiabatic case. The
scaling suggested by Curle was tested and found to eliminate this deficiency.

Also in the same Journal, p. 15, tne paper by Barry E. EdneylO)
related tUe "Effects of Snack I,;pingemnt on the Heat Transfer Around Blunt
Bodies". He reported t.,at an extraneous shock LnpingeinL on a blunt body in
hypersonic flow altered the flow around the body and increased the local heat
transfer rate near the impingement point. A physical model was set up wnich
predicted variations in ahock interference patterns and surface pressure
distributions and of the ir tensity in the extent of the peak heisting,in
accordance with the experimental findings.

" The February issue of the same Journal (p. 193), Lafanelli, Aiwes,
and HartnettO wrote on the "Transpiration Coolingt in a Laminar Boundary
Layer Solid Wall Upstream Effects" in wach the.. developed an analytical model
for this type of cooling. It was found that the solid leading edge had a
significant effect cm the ragnitude of the skin friction coefficient over the
transpiration surface. They concluded that further investiLations would be

- 10 -
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rquire for tranipiratior -ystems paticularly systems which include a non-
Porous leading edge# since this increases local skin friction.

Also, F. W. Spaid and E. E. Zudukosk?" describe a "Study of the
Interaction of Gaseous Jets Frox Tras•fer Slots With Supersonic rzternal
Flows". This vas an analytic and experimental invwstigation at Mach nurbers
up to 4.5. A correlation of data obtained from experixents with finite span
slots demonstrates that the effect of jet penetration height and the slot span
are the important characteristic dimensicns of e'ch flow fields.

In the March issue of the A.I.A.A. Jourr.al, E. J. Feldermanls) on
p. 408 urites on the "Heat Transfer and Shear Stress of the Shock Indived
Unsteady Boundary Layer on a Flat Plate" in w!ich he exa&ined tae development
of the boundary layer following the passage .)f the inlittal sh.ock wave cv~r a
semi-infinite flat plate ioxunted ii the shock tube. Both experimental and
analytical solutions of the problem were sought. Data obtained over . range
of shock Mach numbers, Ixitial channel presm-et and position on the plate
agreed wal with the theoretical calculations.

An interesting paper on the "DWffusion of Gases mad Porous Solids
Over a Thounand-Fold Pressure Renge" was offered in Chamical Enhine~ring
Science 196T Vol. 22, p. U1 by Henry Cunningham and Jim Geankoplisa1  in hlicfl
they shoved that the experimental diffusivities of gasep in alumina and in
porous Vicor compared closely with those predicted by the raw field effective-
ness factor model and the Wakao and Smith random pore mode), as did the data on
Vicor.

A paper by M. F. L. Johnson and J. MIoiI1 in the Division of
Petroleum Chemistry Preprints, ACS CLdcago Meeting, September 1967 on the
origin and types of pores in some alumina catalysts i.dicated that the authors
vere able to distinguish as many as three different pore systems in lumrina
and alumina catalysts. This data is mainly useful in calculating effective
diffusion coefficients.

A paper by S. Landa, J. Vale, and, J. berkhard14 published in the
Collection Czech. Chem. Cummun. 32 No. 2, p. 570, February 1967 dealt with
adamatene and its derivatives. This is Interesting because of the possibility
of using an adamantane derivative as a high density thermally stable fuel.

A paper bjv Kunugi, Tzvdnaga, and Abiko") on a kinetic study of the
pyrolysis of propane Iii the preseace of hydrogea appeared in the Sekieyj
Oakkai &d•, No. 11, 1966 (Japan).

An article appeariLi in Kinetic Catalysis Chemical EnjIncerill
Symposium Series No. 73 Vol. 630 1967 by R. L. S.ith abd C. D. Pratersey on
"Some Capabilities and Limitations of Kinetic Studies in Heterogeneous
Catalysis as Illustrated bý Cycloiexate-Cyclohexene-Benzene Inter-Conversion
Over A Supported Platisnm Catalyst" shed some lioit on the mecLuanim of this
important reaction. Tney gave soma kinetic information on the various steps
involved wita the general conclusion that cyclchexce is not a necessary
intermediate in the deilydro.enation of cyclohexane.

12
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Laboratory Reaction Studiles

LaborStor7 studies of :di4date endothermic fucls and catalyst
systems were continued in our bench-anale reactors.

The relative reactivities of SHEUDYNE, hydrogn treated SKELIDM
(SHELWYN! H) and Decalin for thermal reaction were determined.

A pulse reactor was constructed fto use in studying catalytic
reaotiona under fixed bed and dispersed phase conditions. A brief study of
tVe debydrogcnation of methyloyclohexane over our standard 1% Pt on Al-O-
catalyst vas done in this system at liquid hourly space velooities (dRV) up
to 425.6I

Several commercial and laboratory-developed catslysts that were
promising for the dehydrogenation of methylayelohexane were evaluated for the
debrdrogenation of Decalin in our aonventional flow reactor.

Studies on the dehydrogenaticn of Deculin, tetralin and mixtures of
the same were carried out in a highly diluted catalyst bed, in ordar to obtain
kinetic data for formulating a mathematical model for this rtaction.

A few catalysts that appeared piromiaing For the dehydrogeniation of
methklcyclohexane under aicro-scale testing (MICnT) vere further evaluated in
our bench-scale reactor.

Thermal Reaction of S(ELMM H and SHELDYNE

SZULDYU. is the trade name of a high density, high energy fuel
developed by Shela) for use in air breathing and rocket engines. This fuel
it not prepared from crude oil by conventional processes, but is =a=faotured
from specific chemical intermediates. It has moderately good storage and
thermal stability which is inproved by hydrogen treatment. As SHEUDW is
being considered for use as an advanced fuel both SHE{EWNE and kydeogen
treatei SHZLDYNhR (SLEULM H) were evaluated for thermal reactivity in our
bench-scale reactor.

Sme physical properties of SIMLVYNE and SZLIDM H are tabulated
baelo. It is evident that hydrogen treatnent increased the viscosity aligthtly
and somewhat lowered the density, RI, freecing point and beat of combustion
(Table 1).-

SHELYN consists of numerous isomeric compound of which three
isomers made up 85% of the material. These Vera present in the ratios:
I:11::I - 16:21:48. Pizures 3 and 4 show 01C analyses of SHEUDYNh and
SHEUMDM H respectively. 7he chromatographe have the some general pattern,
but the emergee tines of the SHZXID H compoctnts a"e longer however.

Both SHZWN and SKMWYH H were tested under conditions of
vapor phase thermal reaction at furnace block temperaturew of 752-2202"F and
1-10 atim preasure. Both feeds were tested in a lA" COD stainless steel t.ube

a) Information end experimental quantitieu may be obtained from Shell Oil
Company, Products Application Department, New York.

- 13 -
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Taole 1. SP". 1YSTCAL ¶OPRnTIES OF "MYLLDh!"
AND ".SH11WDYnE HI

SHIMUIDYNT SHELLDYWK H
Do lig point 48-8 500
FreeIng Points 6F -A~ (. 85 )a)
Specifio Gravity, 6cP?/60"F 1.100 1.081

Viscosity, os
212"? 2.89 3.19
681'r e0.2 26.2

nReractive Index (68*1) 1.5,479 1.51i01
Fouin.s/gal (US) 9.16 9.02

lfof Conbirtion, ftu/gal 163,830 160,390
a) Me is i~t~ia did not sho a sharp 29eesing

point but baome mre visoous vith decreasing
temperature. At -85"F ths liquid could no
longer be stirred.

vith no packing in the tube.0) In adituion S•MWY vas tested in o 5/8"
ID iundt4 ara tor tube packed vwth 10-20 mesh quartz chips.

In the 1/4" 00 tube the wall teapermture was measured at seven points
along the tube. The points were 1-1/2 inches apart and the top point ws one
inch below the top of the secondary liner ( ig ). The portion of the tube
above the secondary furmace liner served as a pre-heat section and was kept
at TTO'F. The tesperature of the reactor vall varied down the tube and
Fiue 6 shows the tenperature variation for a furace block temperature of

The maimzusm reaction rate will occur in the region of maiulmu
temperature. r-sunmably the rate in that portion of tlie tube whose tempera-
ture wa 18 (i*c) cc wore below the naximu temperature, did not contribute
appreiably to the overall rate. TLms the "effective" vvlume of the tube was
that porton of the tube whos temperature was within 18*F of the maxisn well
teoperatuvre, and wom volum vas determind from a plot such an ,•.=,e 6.
The 'sTective" reactor temperatur was taken am 9"F below the w aiu-nrenmpera-
ture and space veloaities and Apparent Contact Times (AC) were calculated
based an the effective volume ad effective reactor temperature.

In the 5/8" ID reactor tube te space velocities and contact times
vere based on the volui of quartz chips (20 ml) and te reactor wall tempera-
tur Le umeasured by a trhe&couple pressed betweea the reactr well and tho
furnace block.

a) This reector wastem vm described in a pwe ous report in detail, on
p. 248, ?5•

• • , mm mm16ml



Liquid product ,aaterial was analyzed by GLC usinf. a 165' capillary
column (0.018" diam) coated with 20%, polyphoenl ethers in DC 710 silicone.
Gas products were analyzed by mans spectrometry. Conversions were calculated
from product analyses and neglect coke or polymer forced durirn reaction.

*SE YNE H

At short contact times (0.3 to 0.8 seocods) SHELLDXNE H was reason-
ably stable. Thum conversions were less than 5F at 1022"F and only 5 to 10','
at 1202*F (Table 2). At the•Se contact times conversions were generally lover
at idgher pressures probably because the increased mass flow at the higher
pressures reduced the reactor te.aperature. At lc.er coAtact times (3-4
seconds) increased conversion was observed. Highest conversion obtained was
*51' (1202*F, 10 atm) of which about 6, was to light Van products. The liquid
product was bleck, but wo tube plugging occurred. Product material was
principally cracked liquids (i.e., ligter than startInt material) with so~m
light gas at the higher conversions (Table 3 ). Te three isomers w.re not
equally reactive and in general at 126'27rwas the most reactive at lover
pressures and III at higher pressure (Table 3).

First order rate constants were calculated fron the rate of
disappearance of starting material. Using these values activation energies
af 41.8 and 0.3 kcal/mole were obtained over the temperature ranCe of 1022
to 1202• (Rung 110, 112-1 and 111, 112-3; Table 2).

SHUIXMN

SNELWN was more reactive and less stable than the hydrogen
treated material (Table 4). Thus in the •/4" 0 tube conversion at 797*F
(Ibm 114) was about that obtained with SHILm H at 1202F! (Run 112-3;
Table 2.) Quantitatively, based on the first order rate constants and an
activation energy of 41 kcal/mole, SIELWYNE was 1500 times moe reactive
than SHELLDYNE H. Further, at 7977F considerable coking occurred vith
SHEILDYNE and the reactor began to plug after 15 minutes (Run 115, Table 4).
As with SHELWDYNE H the various lsame were not equally reactive and generally
the reactivity of I zIII > II (rable 5). At constant contact ti=e, pressure
did not appear to affect reactiv-Ty (o Rune 1n4 and 115 Table 4).

In the 5/8" ID reactor tube at highbr temperatures and longer contact
times c:kia& was even more severe. For example at 932"F (3.6 sconds ACT) tae
reactor plugged after 15 minutes while at lGM2F (4.5 seconds ACT) plugging
occurred after only about five minutes reaction time! Further, before the
tube plugged a hot spot appeared and moved down the quartz bed and the
temperature in the bkd rose to over 1292 F even though the block temperature
was only 1022•F•

In both sets of experiments the reaction products were principelly
liquid cracked material and light &as.

Comparison With Decalin

In order to relate t*e stability and reactivity of SHELLDYNE H and
SHLLDYNE to the naphtimnes examined earlier, 2)8) a few exrments
were done with F-113 Decalin in the 1/4" OD reactor tube. The composition of
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this MecaLin (D%) war 25.1!j tre.n-DIIN, 74.5% cis-DHN and 0.4, tetralin. The
data for a meries of runs at 1202*F, 10 atm pretsure, and various contact times
are prceented in Table 6. With this naphthene no coking was observed, although
th" product at the--ghiest contact times was dark (Run 120). Comparing conver-
sions and rate co~ntants for Runs 119-3 and 120 (Decalin) with Runs 112-1 and
112-3 (SHEUDYNE lH; Table 4, values in parenthesea Table 6) It appears that
SHU.DYNE M !s sUghtIimre reactive than Decalin.

Discussion

From the work completed tus far it is evident that SHELLDYNE is
highly reactive wh-en in contact with metal at 797eF and higher. Hydrocn'
treatment Improves stability and reduces reactivity by a factor of about 1500.
Based un caversions cumpcr.ble reactivitie, for SHELUDYNE H were observed at
temperatures 350-40OF higher than for SHELWYIE. Pertinent data are
rmazrized in Table T.

Preau•x did not affect the reactivity of either spe•cies. Hydrogen
treating inereitsed the visoomity by about 10-30$ and decreased the density by
about 2A.

Presumab361 the metal roastor oatalyzes the decompositions or
SHELWN•E to coke as riter researchers hlve pyrolysed SMUYE components
in a P-rex tube cleanly and without coking at teuparatures up to El'2F an
at contaot tines up to 6 minutes. Some studies on the effect of metal surface
an SHELWN reeotivity will be done.

From the work carried cut thus far it is evident that at elevated
temperatures SH:nWN H has much greater &Uability than SHEL N, and hence
Is a more attracive high density fuel under high temperature conditions. In
a later section of this re'port (page ) it is shon that in Coker-type
thermal stability tests SHELLDYNE 8 was also more stable. Thus it appears
+hat SHEMID H was superior to S.IDYME on all counts except for a 24 loss
in gravity and heat of combustion and a small increase in, vYoeouity (Table 1).

Dehydrogenation Of Methyloyalohexane in a Pulse Reactor

A small pulse reactor has been constructed for studying catelytic
reactions under both fixed bed and dispersed phase conditions. Some of the
advantages of such a qyete over the oonventional flow reaotors are:

a) Heat trensfer effects within the reactor can be virtually
eliminated.

b) It is a rapid method for studying reactions under varying
oorditonas.

o) High spaes velocities can be achieved with only a small
mount of feed.

To date the pulse -eactor technique has been confined primarily to jxploratory
and reaction mechanism studies. Recently, however, R. P. Merril1,°2 has
suggested o method for obtaining reaction rate data from pulse reactor
studies.



AFAPL-TR-6y-U1
Part II

Table 6. TERMAL REACTION OF DECA= N

Reaotor: 1/41" OD Tube
Reactor Packing: NKen*
Block Temperature: 1202"?
Feed: F-113 Decalin

Run UIT 1U8 J 9 -- I 119 3-3 120

Pressure, atm 5 10 10 10

Feed Flow Rate 0.75 3.75 7.50 3.T5 O.M5

Wall Temperature, 'F 1157 1132 1094 118 1150

MT22 1213 1397 1211 122
1227 12•1 1195 1211 122
1211 1202 1193 1202 1208
11814 119 1172 U79 1182
11143 U424 1139 1143 11143

Effective Reactor Temperature, *F 1218 1204 1188 10 1213

Effective Reactor Volue, ml 1.46 1.42 1.75 1.42 1.36

Effective LSV 3.1 158 257 18 33

Effective Contant Time, ee 0.25 0.25 0.31 0.50 2•.36

DHN Conversion, .v 3.0 o 4.81 2.1 13.9 59.6
(.10.2) (7.9) (5.3) (25-1) (51.o)

First Order Rate Constant, wee 0.1360 0.218 0.079 03-17 0.405
(0.372) (0.346) (0.208) (o.59 ) 1(0.236)

Tat-Oe 7. COtPARISON OF RIACTIVITIL OF "SHMVNI" H AND L

ISHELLDYNv H SHFLLDYNE
Block Ccantact Clversion, Rock Contact Conversioh,

Temperatue, Time, Temperature, Time,
""OF see %W 'y see

1022 0.8 2.8 752 0.5 3.0
1022 4.2 5.6 797 0.7 24.0
1202 3.0 51.0 79T 3.6 51.0

23
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A briar stsuy via msde of the debydrogenation of methyl3yolohexane
reaction using the pulse reactor technique. In this system a stree. of
carrier gas flowed through the reaotor continously. At the desired time a
wmall mount of fead (ca 1 microliter) vas injected into the carrier gas
strew and subsequently passed over the oatalyst as a "puloe". Reaotion
"uodts or a slip-strem ample thereof# vere led dtrectly into a OL for
analysis. In the pulse reaotor system there vas virtually no beat transfer
effect within the reactor. The apparatus and procedure for caroying out, the
experimenta are described in detail in the Appendix.

bperiments vere carried out at 10 atm pressure, 5720 to 752*F and
at oarrier gas flow rates that correspond to WH liquid hourly space velc-
ities (IsV) up to 4265. Both helium and hydrogen vere used as carrier ges;

-e microliter of liquid MM was injected as a pulaG. The catiilyst vas 0.25 g
of our standard 1% Pt on A.12% laboratory catalyst and vas diluted with
1.25 al quarts chips to give a total bed length of 3 inches.

In this reeator system high Mci converesons were obtained at much
higther space velocities and much lover reactor temperatures than were obtained
in the bernh-cacle test reactor. FPr exaMple, 95% MCH conversion wasn obtained
in the bench-suale reactor at 1200F and IM of 100, and in the pulse reactor
at 662*F and IWV of 1000. Further, at 752*F in the pulse reactor 85% MCH
converuion was obtained at an UM5 of 4265.

Converviom declined with increased apace velocity, as shown in a
series of bareketted rwns at 662'F vith helium carrier gas (Table 8).
n cOvcaersion as a function of MWV. At the highest M t.ested

, on MM conversion ot 68% was observed. Seleotivities for toluene
vere 9ý4%. Catalyst activity did not change during these tests as the conver-
sidot were about the sme in the initial "nd final runs.

At higher temperature there was catalyst deactivation ir. a series
of tests at high '9pece velocity. Thua at 752F at 07V of 4265 with heliumn
carrier gas, oorwrreluon declined for fl% to 60% with successive MCH pulbes
(Table 9. Runs 5, 6-1, 6-2).

Injeetinj l&rner MMi pulses (10 ol) seemed to enharce the deaotiva-
tion (Table 2, Runs 6-3, T-1, T-2). Changing to R2 carrier gas appeared to
restore activity somewhat (Ta',1..9 Runs 8-1, 8-2).

-26-
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Part I I

Higher converslons and no catalyst deactivation were observed at
752"F using hydrogen carrier gas. Thus at LHSV of 4265, 83-854 MCH conversion
was obtained, and In a series of bracketted runs the initial and final conver-
alone vwro about the same (Table 10). Selectivities foy toluene were 92+4
"and wrs cracked products were made at the higher temperature. Conversion
as a fv;iAon of space velocity is shown in F .

'Table 10. D!LYDROGFRATION OF MMM= EXIE ANJ.: PULSE REACTOR

Effect of Space VelooLt on Converaion at 752*F

Catalyst: 14 Pt on A1203 Pressure: 10 atm
Catalyst Volume: 0.25 ml Carrier Gas: H2
Feed: Pure MCH Tempersturt: 752"F
Pulse Volume: 1 01, !iquid Run 10808-9
Catalyst Diluted With 1.25 ml uar•t•s Chips

R& No. I0808- ..- 1 10-1 10-2 10- 10.4 11-1

UISV 4265 4265 3200 4265 2150 4265

Temperature, 'F

Wall 7143-147 7143-147 7143-17 7143-147 7143-147 741-147
Preheater 882 882 959 871 874 831

Product Analysis, 4w
Cracked, liq 2.6 6.6 5.9 5.0 6.5 3.9
HCH 17.6 15.5 13.2 16.0 11.9 17.2
Tbluene 79.8 77.9 80.9 79.0 81.5 78.9

MCFH Conversion, %v 82.4 84,.5 86.8 84.o 88.1 82.8

Selectivity for Toluene, *4w 96.9 92.2 93.2 94.0 92.6 95.2

The ectivity of freshly reduced catalyst was considerably greater
in the pulse reactor than in the bench-scale reactor. This could have been
because in the letter system the catalyst was pretreated with pure MCH for
10 minutes prior to starting the runs and hence partially deactivated.
Aooordingly a series of experiments was done in the pulse reactor after
pretreating the fresh catalyst with MCH. The pretreatment consisted of
fo!oing pure HCH over the fresh catalyst for 15 minutes at 10 stm pressure

and 662*? (no H2 or He present). The reactor was thez flushed with helium
and successive pulsbs of MCI were injected over the catalyst. Fbr tests at
752"F, R2 was the carrier gas; at lover temperatures Re wes the carrier gas.
The date are tabulated in Table 11 in the order in which the experiments
were done. The zonvey.sion values obtained with no catalyst pretreatment are
shown in parentheses for comparison.

-30-
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At 662 conversions with the ?1CI pretreated catalyst were slightly
greater than were observed with fresh catalyst, while at 752*F the reverse
Van true. This suggesta that there vex very little difference between the
activities of the fresh aind IICH pretreated usatalysfts and that the differences
in activity in the pulse and bench-soslus reactors were prioarily due to beat
transfer effects.

Fromi the experliments carved out thus far it Is evident that the
reactivity of the MC1H-platinum system was conuiderably greater In the pulee
reactor than In the bench-scale reactor. This is shown quarti~atlvely by
comparing first order rate constarts from dRta obtained In the two systems.
In the pulse resator the rate constant at 662*F (He.) vsn 53.3 see-' (6%~ mHC
ocnversion; data of Run 196-3, Table 8), ccaipred to 0.60 see-' at 8'i2*F In
the bench-scale reactor. 3 r Converting the pulse reactor data to 842"F, using
an activation energy of 11.7 k cal/mole,3) gave a rate constanat of 176 aer'
or abourt 293 times greater than "as obtained in the bench-scale reactor. Thus
the HCH-platinums system. appears to have a potential reactivity about 300 timor'
greater than was dem~onustrated in the bench- scale, tests.

Presumanbly the higher reaction rates cbsisrved In the pulse reacotr
were due to heat transl'er and diffusion effects thait were tnuch less adverse
In the pulse reactor system. %'r example, in the pulse reactor the gas
volum'e of the MCH pulse was about that of tho catalyst pore volume (0.2 ihi),
so diffusion effects would be minimIred in this system. Further, the heat of
reaction for complete conversion or one microliter of MCR i3 %bout 0.55 cal.
The heat capacity of the catalyst plus quartz in the pulse reactor to 0.3 cal.
Thus tboe maxim=i total temperature drop in the catalyst bed -,r pulse was
about 0.55/0.5 w 1.8*C or 3*F. A temperature difference between furnace aud
catalyst bed of 2007F was observed in the berch-acale reactor at high MCH
canversion.3) This suaggesrts that reactivities possibly 300 times gresatn
could be obtained In continuous reactor@ If high heat transfer rates and
,elimination of diffusion effects in catalyst ;:ores could be achieved.I

Good catalyst stability was observed at 7521 with hydrogen carrier
gas but not with helium. Presiumably good stability isi obtained because the
coke preursors formed durihg dehydrogenation are reacted from the catal.Zat
turface by hydrogen. This suggests that with helium carrier gef1 the hydrogen
concoentration in the catalyst pores due to hydrogen gerirsted by the dehydro-
geniAtIon reaction, vas not great enough to remove the coke precursors, and
heneG the catalyst vas partially poiacired. With hydrogen carrier howveer, a
hMgh hydrogen concentration was present In the pores, and the co1u% precursors
were reacted rapidly frz*s the surface.

Dehydrogenation of Deralln Over Various Caltalsts

in eariler woruu)19) it wes showii that catalynte stable for the
dehydrogenation of monocyclia naphthenes.. were not nedsieedrily stable for the
dehydrogenation oiC dicyclic naphthenes. Thus UOP-R8 platf~rming cata'.? yet woo
quite stab!e for the dehydrogentl~on of methylnyclohexci.e3 ) (10M), but shoved
great ins-tability for the dehydrogenation of dleyclohv::yl1) (Dcli) and Deealin')
(DHN). A nwfumer of co~mmercial cnd laboratcr4 j-develoiped cattlysts tested in
the bench-acale apparatus had gnod stability for MOH 2_-ehy'rcgenation. It vias

of interest now, to eval1sate a fey of these catalysatc fce-' the dehydrogenation
of Decalin-
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The apptratus was a tubular flow reactor equipped with conventional
devices for measuring feed flow rates and for collecting liquid and gas
products. The reactor was a stainless steel tube (No. 347, 1/2-in. IFS) 32
in. long, 5/8 in ID, and was heated by an electric furnace. The catalyst
was contained in the annular "paee between the thermovell ard the reactor
wall. The dimensions were such that the catalyst bed had an annular thick-
nee$ of 1/16 (one pellet diameter) and a length of 4-1/2 in. (7 =1 vo um#e.
The complete apparatus was described in detail in a previous report.31

Product analyses were carried out by mass spectrometry and by aOiC)
from which conversions and selectivities were calculated.

Both zero and first order rate^ constants were calculated from the
rate of disappearance of decalJn usirg the following equations:

zero order:

kj, atm see-,, .- M• x p 242x -- xt f W

first order:

kp sea- x p xJ x oP3lo (2)

where

111SV - liquid hourly space velocity (iLeop volumes of feed/volumse
of catalyst bed per hour)

M w: molecular weight
P - reactor pressure in atmospheres
T - reaction temperature in OK (reactor wall temperature)
P - liquid density
f - fraction reacted

tRelative reactivities and apparent activatio0 energies were co *jted from the
first-order rate constants.

The reactor well temperature was measured by a thermocouple preened
against the outside reactor wall by the furnace block and located about I"
Wbeow the top of the catalyst bed. The catalyst bed temperatures were

maesaared by thermocouples contained in the thermovell. The thermocouples
were 1" apart and the top thermocouple was about 1/2" below the top of the
catalyst bed. The "effective" catalyst temperature was somewhere between the
reactor wall temperature and the catalyst bed temperature. For 3omputing

*, rate constants and apparent activation energies the reactor wall temperature
was used, as this closer to the "effective" catalyst temperature then the
thermovell temperature.

Three i-mnerical catalysts and seven laboratory catalysts were
evaluated for vapor *hase dehydrogenation in the bench-scale reactor at
IQatm, pressure and Ki-P202'F. Thegse were.-
a) 5% Carbovax 1000 on Clromosorb W Column.

3 -3t
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Catabyst Desination

Sinclair-Baker Rd-150
0.67% Pt RD-150

American Cyanamide
Aeroform H-4-,; o.84 Pt P".l-4.

Universal Oil Products
UOP-RB; 0.75% Pt UOP-R8

Shell laboratory Catalysts
10280-46 Shell 46
10280-108 Shell 108
10280-l07A Shell 1OTA
10280-10ThB Shell 1OTB
10280-105B Shell 105B
10280-45 Shell 45
10280-91A Shell 91A

Seven milliliters of catalyst (10-20 mesh) were used in each test; F-113 DHN
was the test feedstock. Ibis Decalin contained 74.64 c.s-DHN, 25.-0 trans-
DII and 0.44 tetralin (THi).

Some deactivation during the runs was observed vith all of the
catalysts tested. Thus the catalysts were characterized as to activity by
the total Deoslin conversion or by the firs". order rate constant at P82WF,
where catalyst deactivation was *lijt. Relative reactivity of a particular
catalyst then vas taken as the ratio of the first order rate constant
obtained with that catalyst to the rate constent obtained with the standard
catalyst at 842"F (10 atm pressure). The complete date are presented in
Tables 60 through 65 in the Appendix.

Results

All of the catalysts were Iore active than the standard otellyst
except RD-150, which was slightly less active (Table 12). Relative activities
at 8e42P are tabulated in Table 12, and at higher temperaturea can be deduced
from F , which is a plot of iiN oonveraf n as a function of block tem-
pl'ature. Overall, the most active astalys. i•sa the Shell 46, which was also
the most stable. Catalyst deactivation with increasing temperature is re-
flected in the convex shape of some of the curves.

Apparent aotivation energies were calculated for both zero order and
first order rate constants. Because of the extensive deactivation at the
higher temperatures with some of the catalysts, only the rate constants at
P42 and 932'? were used in this computation. Over this temperature region
the apparent activation energies ranged from 6.5 to 11.4 keel/mole for first
order kinetics (Table 12). Lower activation energies were obtained for zero
order kinetics secause for a given increase in conversion, the first order
rate constant increased more than the zero order constant a) Fimt 2 is an
Arrheniu3 plot of the J.et in which the lines througb the points at 842 and

a) The first order rate constant is given by ki K/t lo5 171 - f and the
zero orde, constant by ko - (K'/t)f where f - fraction reacted.

- 34 -
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932"F are extrapolated over the complete temperature region. Deactivation at
higher temperatures is evident as the date points fall below the extrapolated
curves. The reactor wall temperatures were used for calaulating the stive.-
tion energies.

Seleotivltj for naphthalene at a given DHN conversion was different
vith each oata3yet. This appeared to be a temperature rather than a etatlytia
effect, however# as in 6 plot of selectivity for naphthanlene as a function
or "gas exit" tmperature ( 1), the points fell aeiieonably alone to a
aCnile line. The temperature at the bottom of the catalyat bed was taken as
the gas exit temperature.

Same deactivation was observed with all of the catalysts tested
*(Table 12). This is shown graphically in Pi sa_ 11 eand 12. These curves
show the increase in catalyst Led temperature (WTmex% "F) as a function of
furnace block temperature for a series of runs at 2 to 1022OF and at 842
to 1202"F respectively (at 10 atm pressure). The magnitude of the bed tem-
perature increase wea taken as a measure of catalyst deactivation. Based on
this criteria the catalysts in order of their decreasitig stabilities were:
46 > 108 > 10B > 91A > 10G5 > RD-150 > .'andard cata:.yt -j 107A > UOP-RS.
This evaluation depends somewhat upon the test temperuture as 1022F Shell
1058 was more stable than either 107 or 91A, but was less stable than the
letter two at 1PO0F. It is worth pointing out that the o,!y catni~yt that
had even moderate stability at 12WF won Shell 46.

Theze results are for 10 atm pressure and ý0-600 conversion. In
previous work it was bhovn that at higher conversion (W0-904) both the
UOP-R8 and the standard laboretory catalysts had good stability at 102•*F.")
Pressnably the other ccmmerid.i- oatalyats vould zlso be more stable at high
conversion.

In ]•evioua work with Decalin it eas obuerited that catalyst stability
was enhanead when the operating pressure was Increasee fTom 10 to 30 atm
pressure. 1 } Thus it was of interest to se- if etabilitr could be enhaniced at
higher ts=petaturea by increasing the pressure to 30 atm.

One coniercial, catalyst, PD-150 end one lsbcoatory preparation,
Shell 107B, were tested over the temperature range of 8W-1202*F at 30 atm
pressure. With both catalystsp stability was enhanced at the higher pressure.
Fbr example with the RD-150 at 1132"F an increase in catalyst Wed temperature
of onVl 23F was observed at 30 atm compared to 117"F at 10 atm pressure.
Seleotivit' for THN + N was about 8-10'ý lower than was observed at 1022F
(Table lM). At higher temperature the cat&3lyst was moderately stable but there
iias a considerable decline in both conversion spi, selectivity for TM4 + N, ard
a corresponding increase in yield of cracked products at both 10 and 30 atm.
Presumabl" a hydrocracing-type reaction becemes predominant at 12Y2"F at

* both pressures (Table 13)

With Shell 101B at 1112F only a 9*F rise in catalyst bed tempera-
ture at 30 atm (down from A6*F at i0 atm) and at 1202 a 10*F rise (down from
160"F at 10 atm) v,"w observed (Table).4). Selectivity for THN + N at 12026F
was high at 10 atm (92.5') but only moderate at 30 atm (77.9), Ped consider-
ably more cracked products were observed at the higher pressure.

- 39 -
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*91A

0 105 B 107A

V107A
300 c107B

0 108

a Q UOP-R8

A 10%4Pt on 0l14

0 RD-150 1 058

Pressure: 10 atm
LHSV: 100

20React i"~ Time: 30 min
Cata~yst Volume: 7 ml 91A

'3
1078

UO P-R8
150 -

* 108

R D- 150
100

4t.
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*800 9001001012030
Block Temperature. 'F

fogre 12. DEHYDROGENATION OF DECALIN OVER VARIOUS CATALYSTS
EFFECT OF TEMPERATURE ON SlABILITY: 842..1202"F
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Thus it apeers tnat Pt 1202"t inareasing the reactor pressure will
enhance the statblity of the catalyst, but that uelectivity for THN + N and
in awoe cases D1114 oonve-sion will be reduced #ppreciably. Further, it appears
that at these elevated presaures and temperntures a hydrocrackizlg-type reac-
tjon becores r--e important remslting in Inere'ioed yields of cracked prod, *jft

The two moat stable catalysts teote.d thue iXs for tho dnyd.ogenation
of docalin were the l'boratory -atalyat. Shell 416 ind Shell 108. Both catsa-
lysts had comparable stabilities at lll12*' but at 1202F the Shell 46 as more
stable. With these catalysts selectivity for TIN I mas high at )112"F end
lowr temperatures (9&a,9, but decreasc, by about 5-JCf,', at 1202'F. For a
given weight of platinum stability varied invernct4 as the pore size of the
support. Inoremfing the operating preosure from 10 to 30 atm increased
catalyst stability but at 1202'F decreased seleutivity for 1¶N+N and in one
case decreased the Decalin conversion.

The Shell hG was also the most active catalyst tested thus far and

was 1.28 times more active ta the standard laboratory catalyst.

Effect of Pore Volume on Catloyat Stabillty

In a previous report it vas suggested that catalyst instability was
due at least in part to the pore structure of the catalyst and that g'eater
stability would be obtained with catalysts containing smaller pores.10 The
average pore dimeters of five catalysts were culculated from the surface
snd pore volumes and are tabulated in .able -15. These catalysts continued
0.7% to 1.0% platinux on various alumina supports; their yJsical propertins
are tabulated in Table 16. tiur 12 is a plot of catalyC' bed temperltur(
Increase (aTmez, 7F) as a function of average pore dim~eter and alow indeed
that better catalyst stability was obtained vith catalysts having smaller
pores. (7he Shcll 45 wee not included as thb chemical ccmpo~ition of this
catalyst vas quite different from that of the other five catalysts.) While
the least stable catalyst had the largest pore diameter and the most stable
catalysts bad the smalnest ;ore diameter, there is an ancmoly in the region
of 100 A pore diameter. Thus the PHF-I and the standard laboratory catalyst
have about the same pore diameter but the catalyst bed tempereture increase
with the former was about twice that observed 'th the letter catalyst. As
pore distribution for these two catalysts are about the same (Table 16), it

ppearas that pore lse is not the only factor controlling catalyst stability.
This is being investigated further.

As mentioned in the previous reports it Is believed that catalyst
stability durin the run is due to hydrogen, generated by reaction, reacting
with coke precursors on the citalyst surface. Presumably in smaller pores
the hydrogen partial pressure will be greeter due to a higher surface to
volume ratio, and hence a greater fraction of naphthene converted per unit
time. This higher hydrogen pressure causes more rapid reaction with coke
precursors and hesie the catalyst appears to be more stable.

Debdenation of Decoalin: iluted-Ded Reactor

A study of the kinetics of the defdrogenstion of Decalin has boon
initiated to obtain date for use in developing a computer program for this
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200"
Lab. Cataltyst

Block Temperature: 1022"F 1% P• on, Al0 3 B8

Pressure: 10 atm
LHSV: 100 ( f
DHN Conversion: 48-54%
Catalysts: 0.7-1% Pt on Al 203

150 Reaction Period: 30 min /
S/ UOP-RO

0.76% Pt

American Cyanamd /
PHF-4; 0.8% Pt/

S//

4 /
/ 'Lab Catalyst

Sinclair-Baker 0 1% Pt o Harshaw 0104

50 -RD-150, 0.78 Pt1/
0/ Lab Catalyst

/ O '-"I%PtonAI2 0 3 "A"

o 1 I I I I I
0 50 0oo 150 200

Average Pore Diameter, A

Figure 13. DEHYDROGENATION OF DECALIN OVER VARIOUS CATALYSTS-
EFFECT OF PORE SIZE ON CATALYST STABIUTY
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reaction. For thit work the catalyst was highly diluted with inert material,
*te reactor wae operated at low converalors, erd the apparatus was modified
so on to try' ar maintain Isothermal oonitions within the cotalyst bed as
much as possible. This modification consisted of removing the l/2-in. OD
thermow,1 from our 5/8-1r. ID reactor tit4 and substituting two 1/8-in. OD
therzovells, one at the top and one at the bottom of the reactor tube. The
top thermowell extended down 1-1/2 in. Into the catalyst bed; the lover
thermovell just touched the bottom of the catelynt bed. Figure 14 is a
draving of the modified reactor tube.

Results vere obtained at 707 to 797"F7 10-50 *ttm pressdre; AI3SVt
of 350-1400 with our standard 1% Pt on A12%3 ostalyst. 0.5 ml (0.48 g)
iatalyst was used and the o•atlyst van diluted with Cu pranules and/or quartz
chips to give a total bed volume of abolt 29.5 m1 and a bed leigtih of about
5-1/2 inmhs.

The procedure for carrying out the runs analyzing the products and
calculating the rat* constants vera described in the previous section of
this report.

The kinetics of the dehydrogenation of Decaltu involve rates of:
a) Iscoerlzation of cis and trans Decalin; b) dehydrogenstion of' cia and
trans Decalin and of tetralin; o) debydrogenaton or tetralin. Thus for our
study six different foods were used that contained various mounts of cis
and tra-,s Decalin and tetralin. lydrogen was added to those feedo containing
tetralin in about tichimhetric mounts to simulate product material from
Deoalin dehydrogmnatiou.

te feed aompositione verea:

Table IT DMM INATIO'q OF MCALIN AND TMUALN

feed Compositions

Yeed Numgbw 1 2') 3 _!b) 5) 6
Liquid OCmposition, fm0

tns-90 7.0 1 .6 11.8 0.1
ota-DMI 8.8 257. 936 05
2" 0.0 0.2 0.I 50.3 51.8 97.8
N o.o o0. o.o o.6 o.A o.8
Others 0.2 O.0 0.0 o .6 0.5 0.6

Mo 'mdedl 0.0 0.0 0.0 2.6 2.6 3.0moles W=/ole H

SFeed 5 is 50%• I eand 504 Feed l.

Feeds 4 and 5 represent an approximate product mixture after debydrogenation
Decalin to 504 conversion; Feed 6 represents a product mixture of 100%
conversion of Decelin to tetralim.
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Parvt II

The effc-t of prqceer variebles on renztion rae.-s end product
diatr!1bjt!,on ere 4•icusned ir this section. The ut~lIza l.on of the experi-
Lr-ntal reuults for developing a omputer projrram are dlocuosed in anotherr•ctlo= ("'e plr£e )

aUnder our test comditicns the dehydrogenation of' DHN to naphthalene

(1) was a two-step process with tetrallin (tetrahdonsph- 'lene; THN) as an
intermediate pn-oduct. Schema.tically the reaction can be represented:

35H2  >( I + +5412

DHN T7N Naphthalene

Both reactions were equilibrium llmit*., at high oonvere'inea nd inthe lower temperature region at both 10 ard 30 itm pressure. Reaetion 1I veto

faster than I*. 5•bawo the theimodynamie equilbrium constants for
Reactions I (K•I)n I (Kp ) as functions of ttoperature. Kp2 was obtained
by extrapolating the equilibrium date of Alleta and Vlugter. Kp1 Vag
obtained using the date of Miyazwe and Pitzer,2) and the calculated Kp2 .
Figure 16 shove equilibrium coniantrationa of MN, THN, end N at 10 and 30
atm pressure ase a Motion of temperature using the calculated Kp, and Kp2 .

A preliminary series of experiments was done with F-213 Decalin
(Feod 3; 74.6% . is DHN) at 7rO to T97"F; 10-30 a@t pressure. In this series
the runs on different charges of catalyst did n16 give reproducible results.
For example at T52"Y (block tempetre) LX of 2400 and 10 est pressure,
DHX conversion of 6.8 and 10.5% •ere obsereed for two different rtmn
(Table 13, Rusm 61 and 50-2). Premmsbly this nonreproducibility arose from
ceaalyst surfac contaminatioin during cataljst pretreatment. Eovever within
a,- one rum the catalyst vad fairly stable. Thus under the same reaction
Cwditiolu at 792' only a few reenoet change in conversion was observed
over a one hour period (Tble 18_, Runs 74-2 to 75-1). Inoreasing the spece
velocity at constant block tempeortures gave a slight inarease in reaction
rate, vhich suggests that even at LtV of 700 there was still a heat transfer
effect withir 'he ctlyot bead. The effect of pressue was similar to that
obaerved p¶eviulyT) nmewly that with increased pressure (10 to 30 stm)
conversion was not affected significantly but the rat, constant declined
markedly vitlh Increased presnre (Table-19).

In runc of different charges of catalyst (i.e., A, B, or C, Table 19)
t.,e absolute values of the rate constants at a given tUpersture were
different, which sugests that the catalyst vae poisonel prior to the start
of the runs. With only 0.5 g catalysts wmall amounts of contmUnnts can
poison an appreciable smount of catalyst wurface. Thus the fo]lowring chanes
were made in the experimental Vroedur. to reduce the poasibility of catslaot
cotanInstion.

1. The fresh catalyst wan reduced in situ with h•frogen with
heating at 1022"F for one hour.

i0I -
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Table I). DEDROGEITION OF DECALIN: DTLIU1 BD REACTD R

Effect of Pressure
I

Catalyst: I• Pt on AlZO3 Feed: F-113 Decclin
Catalyat Voluma: 0.5 ml 74.60 cis-DIN
L114V: 1400 25,O5ý trans-DHN
Block Tomp: 7921F O.4 THN
Reaction Time: 15 min
Catalyst diluted with 23 ml Nu and 6 ml quartz chips

Run No. l0342- 76 77 78-1 78-2

Pressure, atm I10 20 30 10

Temperature, *F 7Wall. 779 '177 765 779
Catalyst Bed

1/2 in. Below Top 777 770 756 779
1 in. Below Top 772, 761 7Y6 768
1-7/2 in. Below Top 763 758 732 761
Bottom 758 756 752 756

Product Ana.ysia, Ow
trans-OIN 24.14 25.3 26.8 24.5
cis-DHN 68.1 66.8 64.7 67.4 I
THN 2.7 3.0 4.5 2.8
N 4.8 4,9 4.0 5.3

Yield MnN, '5w 2.3 2.6 4.0 4

DHN Conversion, 'kw 7.5 7.9 8.24 8.1
First Order Rate Constant, sec' 1  1.08 0.55 O,4O 1.17 I
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2. The Cu granules were carefully cleaned by repeated washing in

hot isopropyl alcohol until they were dust-free.

3. The length of the heated lead war ir.:reasec from 3 to 5 feet,
to insure complete vaporization or the Deoalin prior to entering the reactor.

* Reproducible results were obtained after adoptirg the above changes.

An extended series of runs wao made vith .-113 Decalin (F-ed 3;
74i .6% cis E)HN) at 707-797*F, WI1V of 700 and A1OO and at 10-20 atw pressure.
At the lower pressure DHN conversions ranged from 13% to 21% at UM of 700
and from 6% to 11.5% at 1500*F (Table 20). The catalyst bed vea not iso-
thermal and temperature differences at 16OF at 6% conversion and 5140 at 21%
conversion vsre observed between the top and a point 1-1/2 in. below the top
of the bed. The data were reasonably reproducible and at any one temperature
and space vlocity the maximum variation in rate constants (3 runs) was t12%
and the closest agreement was 16%. At a given temperature the average rate
constant (3 runs) wva slightly higher at the higher space velocity. This
suggests that even at these high Mpce velocities the reaction rate is limited
by the heat transfer rates. Activation energies ranged from 9.2 to 12.2
kcal/mole and were slightly higher for first order kinetics (Table 21).G)
Firctre 17 Is an Arrheniua plot of the data. As wan observed in previous work,

* there was some cis to treas-isomerization during the runs at the lower temper-
atures as shown ")y the increase in trans-DON concentration in the product
compared to that in the feed (Table 20).

With increased pressure (10-25 atm) at 752*F, conversions were
reasonably constant at any one space velocity (Table 22, Figure 18). However
the first order rate constants declined markedly with increased pressure,
while the sero order contitants increased slightly. This suggests that the
reaction order with respect to Decalin Is closer to zero order at these low
conversions. Figure 18 shows the average values of three rimn for conversions,

* sero and first order rate constants as functions of pressure. Again cis- to
trano-isceerization was observed that increased with incressirg prea•aure
(Table 22).

The approximate reaction order may be calculated from the data of
Table 22 by the following method. Avasuming that the rate of dehydrogenation
is proportional to some power or the pressure (i.e., concentration) then

r -kP

At low conversion the rate is equal to the fraction reacted f, per unit time,
t, and

r ~kPn

In e f!.,Yw system t is the residcrce time. For two different pressures at the
some space velocity (i.e., constant residence time)

r, wf, wkill rp f 2umkP;

a) See footnote on page 25.
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Table 21. DEHYDROGENATION OF DWtATAHN:

DILUMM2-BE) 1MEATOR

Apparent Activation Fnergies

Catayst: 15• Pt on A1,203
Catalyst Volume: 0. 5 ii
Pressure: 10 atm
Temp Range: 707-79SrfF
Catalyst dilutel with 23 ml Cu
granules "ad 6 ml ct,=tz chips

Run No. 1o042- 150 155 142

WSV 7Too 1400 700 114o 700 1i40o

Eact, kcol/imole

* Zero Order 9.7 9.2 10.1 10.8 10.7 11.8
First Order 10.7 9.7 10.6 11.6 11.3 12.2

I'

i - S -"
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AFAPL-TR-67-114 Temperature, 'F
Part 11 702 741 66

Catalyst: 1% Pt an AlO2
Catalyst Volume: 0.5 ml
Catalyst Diluted with 23 ml Cu Granules

"and 6 ml Quartz Chips
Pressure: 10 atm

i -
U

LHSV 1400

0 Runs 131-1, 132-2, 134-1

V Runs 142-2, 144-1, 145-1

LHSV = 700

o Runs 130-1, 132-1, 133-1

o Runs 142-1, 143-1, 144-2

0 .1 1, -I. - I I
1.50 1.55 1.60

1000I/", 0K

Figure 17. DEHYDROGENATION OF DECALIN: DILUTED RED REACTOR
TEMPERATURE COEFFICIENT

63808
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25
Catalyst: 1% Ptm A1203  Catalyst diluted with 23 ml Cu
Catalyst Volunm: 0.5 ml granules end 6 uA Quartz Chips
Catalyst Weight: 0 48g

S20 Catalyst Size: 10-20 mesh Feed: F-113Decalin
Block Temperature: 752*F

IC-

140
14 14

630

Su 700

.!l

" 0.4-

I0 15 20 25
Pressure, arm

Fl~ue18. DEHYDROGENATION OF DECALIN: DILUTED BED REACTOR
EFFECT OF PRESSURE

•. 60 - 63808
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n then is equal to

log

f2u
n 0 g PA

* log

Using the average conversion values in Table 22 10 and 20 atm, SV u 1400

log •1 .5
20 ? 0.501

Thus the kinetic order of the debydrogenation or Decalin reaction is about
0.2 the power of Decalin or close to zero order. This is only an approxi-
mation however as the concentration of tetralin and hyd.-ogen may also affect
the rate.

In this series of tests the reaction did not appear to be equill-
briw limited an the product concentration of tetralin and naphthalene were
less than the equilibriuma values (Figure 16).

In another series of runs, less extensive tests were carried out
with an1 six feedstocks. The data for those feeds containing only Decalin
are presented in Table 23, an for those feeds containing tetralin are
presented in Table 27.

With the feeds containing only Decalin (Nos. 1, 2, 3), reactivity
appeared to be a function of isomer concentration. Thus the feed with the
highest cis Iearer concentration (No. 3) was the most reactive and the feed
with the highest trans isomer concentration (No. 1) was the least reactive
(of conversions or the rate constants). Mhis Isomer effect on Decalin
reactivity was observed at higher overall conversioas in previous work.0
With any one feed the reactivity of the cis Isomer was greater than that of
the trans when the cis concentration was over 50% (Feeds 2 and 3), but with
a high trans DHN concentration (Feed 1) the reactivity of the cia isower
was greater at low space velocity (700) but at high space velocity the reverse
was true. W•h space velocity should effect the relative reactivities of the
cisaend, trans MEN ilowiers is not clear,, but it does not appear to be a
temperature or conversion effect.

Overall activation energies for the first dehydrogenation stet
were inversely proportional to reactivity and were 22, 20, and 22 kcal/mole
for Feeds 3, 2, and 1 respectively. With all three feeds pressure did not
appear to effect conversion appreciably.

Some isomerization occurred concurrently with dehydrogenation.
For example vith Feed 3 (74-6% cis) in four of the runs there was Dore trans
DEN in the product than in the feed, indicating cis to trans isomerlzation.
With the high trans feed however (No. 1; 91.0% trans) the amount of cis in
the product wan greater than that in the feed in only one run. This suggests
that the rate of cit to trans isonerization was greater than that of trans

- 61 -
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to cis, although the rate of the latter reaction m1V have been equilibrium
limited as the percent cis at equilibrium at 70O0F is about U1% (rIgre _-9).

Pure tetralin was 3 to 4 times more reactive than Decalin (Tnble 24).
Quwntitatively base on first orde: rate constants, THN was 2.8-3.1 times more
reactive than cis DHN (Feed 3) and 3.3-3.9 times more reactive than trans
DHN (Feed 1). Tetralin coniersions ranuged from 15 to 32$ with high selectiv-
ity for naphthalene (9O-99%). Conversion of tetralin to Deealin was les
than 1% except for the riv at lowest temperature UMSV and hihest pressure
(i.e., longest contact time) where about 10% of the tetralin reacted was
converted to Decalin (Run 164-i). The activation energy (first order con-
stants) was at 15 kcal/mole, which was somewhat lower than the 24 kcal/mole
calculated earlier from Decalin dehydrogenation data.' 9 1 As was observed
with Decalin, pressure did not affect conversion.

When mixed with Decalin the relative reactivity of tetralin was
greater than wP3 observel with the pure components. Thus when mixed with
cia Decalin (Fe.'ed 4) based on first order rate constants the reactivity or
TUN was 14.5-5.5 times that of Decalin (Table 24) while with a trans DHN
mixture (Feed 5) the reactivity of THN was 7.7 times that of Decalin.
Activation energies for dehydrogenation of ThN end DON were lower in the
mixtures than were observed for pure components.

The results obtained with Decalix. and tetralin over a diluted
catalyst bed at high space velocities generally were in agreement with those
obtained Imearlier work with ar undiluted catalyst bed (T ml catalyst; rws
of LOO);J namely that cis-Decalin was more reactive than trans for both
dehydrogenation and iscmerization. However for dehydrogenation in the diluted
catalyst bed the value of the first order rate constant at 752"F, 10 arm,
((1.16 sec"1) was about twice that obtained under standard testing (0.63 see-')
and the activation energies (10 atm) were abcut 28% to 60% higher with the
diluted bed technique. This suggests that the rate of Ieat transfer to the
catalyst was greater in the diluted bed-high space velocity configuration
which in turn lead to higher reaction rate. These results support a previous
conclusion namely that during the earlier bench-scale tests the rate of beat
transfer from the reactor wall to the catalyst bed was a limiting factor in
the overall rate.

Pure tetralin was more reactive than Decalin for dehydrogenation
and the rate of dehydrogenation of tetralin was greeter than the rate of
hydrogenation. The dehydrogenation of both Decalin and tetralin were about
zero order in hydrocarbon. At low corversions activetion energies appeared
somewhat higher than those obtained in earlier work, possibly due to better
heat transfer at higher conversions and temperatures. In Decalin-tetralin
mixturcs the relative reactivity of tetralin was greater than was observed
with pure components.

Additional work will be done on the Decalin-tetralin system only
if needed for the development of the computer program for this reaction.

- 63 -
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Bench-L,"oale Ctalynst Evaluation Tests With Methyloycloherane

A number of catalysts that appeared promising under m!cro-soale
testing (MICTR) were evaluated in thý bench-ocale reactor. These catalysts
consiutcd of active motals mounted on varjous supports. A test pro2edure
hat been desoribed in a previous report 7) which gives a measure of the
effect of temperature, pressure, spaes -reloolluy (i~e., contact time) and

,atalyat atnbility over a three-hour tc-sa. period using a mingle charge of
catalyst. Thts test involves making a series of runs at 842 and 1022oF,
10 and 30 atm, and LUSV'o of 50 and 100.

The tests were done in groups vith a test with the standard labor&-
tory catalyst done in each group for reference. Different Meehanite furnace
liners wertuved for two groups of tests and these liners made better contact
with the reactor tube wall. Presumably this better metal-to-metal contact
enzanced the heat conductivity of the system and resulted in the higher MCH
conversions for a given block temperature that woo observed in the second
and third series of runs.

The results of the tests, the conditions of each run, and the order
in which the runs were made are shown in Tble2. Each catalyst was rated
as to "Relative Performance". This rating was designed to show how the
catalyst was performing at the end of the test, relative to the standard
catalyst and quantitatively was taken as the ratio of the first order rate
constant with the catalyst (kc) to that with the standard catalyst (ka)
calculated from the MCH conversion of Hun No. 7. Based on this criteria 12
of the catalysts were superior to our standard catalyst (11 to 32% more
active); one performed about like the standard cetalyst; an4 one was
considerably less active and extremely unstable and deactivated badly during
the itial run at 842F

Activation energies ranged from 10.6 (standard catalyst) to 15.5
kcal/mole. These values were calculated from the rate constants obtained from
the data of Puns 1 and 2. All of the activation energies were greater than
that of the standard catalyst; this suggests that the new catalysts would
be even w.ire active than the standard catalyst at temperatures above 1022F.

-66-



AFAPL-TRl-6T-11JI

4)4

04 14 r* 4 e. r4 P

01

4 5'0 0)9 - . -

jA m 4 0%A 0% H -

H0 H! 44 9 KO% i.

0% % co N 0

14 45

~ *r4 0

0 I '0 -A ci#4 0

f"4 4)r4 lP

67I
* 6)"w i



AYAPL-TR-67-3.1)
Part ii

%10 4.4O W4-e4- M CO

'-4D

%-0. I

c n cu______Go_% 
_

41I
U',



AE lr.Ta-67T-Iu
Part 11

Conventional Catalysts arnd Catalytic CoatIngs

The extensive catalyst preparation and testing progream begun
undtar this contract has continued.10) The principal empbasis has been to
develop catalystu that are more attive and stable than the 1% Pt/I01i4no
reference catalyst, for endothermic reactions such as naphthena dehydrogona-
tion. Various attempts have been made to increase activity by promoting
platinum with other metals or to better disperse platinum by various tech-
niques. The search for activp substitute metals or metal combinations for
the very expensive platinum'nl) &nd substitute supports for alumina has
contirued. Various disciplines of approach to catalysts have been considered
in the following catalyst preparation studies (of refs P25.0).

In addition methods of bonding thin catalytic coatings (i.e., 3-8
mUs) to metal valls have been actively explored. Such active catalytic
"coatings are desireble since they provide a method of reducing pressure drop
across a reacting beat absoraing zone. Sone developa.3ntae howe boon mode
earlier in this field, mainly for cracking and oxidation ci.*e)otns)Y)')

A total of 536 catalysts have been prepared, or obtained from
proprietary and commercial sources, and nearly all of these have been evalu-
ated. These include metal tubes catalyticall'y coated in various ways. The
granular catalysts have been screened for MCH dehydrogenation activ ty at
10 atm pressure, usually at L13V 100, and at 662, 752% and 042.F in the
mioro-scale teat rig (MICTh). Certain selected types of granular oatalyate
also have been screenad for n-heptame dehydrocyclizetion to toluene, at

m lo,10, at 842 end 932%F wan 10 atm pressure.

A number of catalytic coatings on hypodermic tubing ware screenedinitially. In these runs with MCH the hypodermic tubing van placed within

the standard 1/4" OD reactor tube ror testing. Adequate clearance for
passage of the MCH and dehydrogenation products was allowed. Later the
coatings were emplaced on the interior surfaoes of the 1/40 OD reactor tubes
for better heat transfer during the screening with MH. Catalysts of the
some composition an the coating fcnmilation were ofter. tested in £O-20 mesh
grar lar form for mechanical oxivenience, for evaluation of 4.e efficacy of
the formulations.

The purpose of the screcning tests is to obtain a quick comparison
vith the reference catalysts (9874-24 or 9874-139; 1% Pt/UOP R-8 type AIhOi),
and to eliinate eet lyasts with activities too low to be of practical
importance. After a favorable screening, some of the more active granular
catalysts or their prototypes have bben further evaluated for activity and
life in the bench-scale reaotor with MCH and Deoclin at higher tsperatures.-)
A sketch and photographs of the MCT~R are shwn in Li gLre 87. 88. an 89, in
the appendix of reference 19, along with a description of operation details.

Conventional Catalysts

Preparatio

i The vast majority of catalysts have been prepared by impregnation
of various supports with one or more metal salt or metal complex solutions;

a O Cf pages 10-42, o? tU report.
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followei by oven drying, and reduntion in situ in the MICTR prior to testing.
Iypioally only amll quantities of any particular catalyst have boon prepared,
i.e., a few gras to 50 grews. The amuints of metals employed are within the
broad limits of I to 30% and most comonuly within the mlu of 1.10%. Since
virtualy all 'the individual metals in The periodic system that are known or
can be expactod to have dehydr-gonating properties were studied earlier or
various supports (ref 19, p 121), the principal present effort has been
devoted to discovcring supported bimetallic or trimetellic combinations equal
to or better than supported platinum. This is particularly important in view
of the rapidly i~creasing cost and decreasing availability of platinum during
the past year, SIJ and the posibility of substituting cheaper metal ecnbina-
tions has been emphasized.

14ICTR Evaluation With 1'1C and n-Hotane

kktthloyclohexane DeydrogenMat on

The results of the MICIR teats with ,arious catalysts are given in
detail chronologically In Tables 66 6T, 68 and M in the Wppendix of this
report. Certain of the reii Vtt v Wh msumnarized in the following
tables which egntain first order rate constant comparisons vith that of the
reference catalysts at 52"F (if Pt/UOP R-3 type A1,03).

Granular catalysta consisting of substantial amounts of piatfamm on
various supports such as alUsina, silica, carbon, and magnesia are generally
the met active in the MICTR tests. A number of these catalysts have been
found to be very active at the higher temperatures used in the bench-scale
teat, and sow of these have better activity-stability with both MCH and
Decalin feed than the reference catalvsts. The ratio of first order rate
cmetanta for some of the better catalysts vs that of the reference catalyst
(98&-2k) with M1H at IMV 100 and T52"F are shown In Table 26. Inaluded
are typical franular eatalyt. and some of the earlier candidate catalytio
coatings (in granular form). These and subsequent data are based on the
conveivion of MCH at constant catl•yst volume, and since the catalyst densities
vtry, different veights are ohazged an shown in column 4 or Table 26. Thu,
laboratory oa+alyst 987T4-T which is 36% denser than the reference catalyst has
a i6% higher rate on a constant volume basis. A second factor in variition
of surface area and intrirsic activity per unit area. Another factor in
catalyst particle size reage which is usually eontrolled within the limite, of
20-210 mesh (oompare :ns- 28• and 28he Tablm 26). For the same charging weight
of catalyst 10230-24A which has a relatierate of 1.28 f1or--0-20 mesh
partialelep the rate Is 1.06 for 10-14 mesh partiales and 1.40 for 1i-20 mesh
particles. Thus, diffusivity In still an important factor influencing the
xate in this partiole size range.

Part of this study has been devoted to improvlng the performance of
platinum cn alumina catalysts. Earlier it was pointed out that higher activity
than reference catal7st remult. on optimizing Pt content and using higher
surface area supports.' 0 ) Aleo, as pointed out previously# higher density
supports tend to give higher volumetrie activity.

Woderate increases in the first order rated of dehydrogenation of
ICH result. fr•m using ocomplexed platinum solutions neutralized with certain
acida on impregnating the same type 1 support with 4% Pt (10280-81C, 813, and

T- . .. ........ ..... ............ . ..... .. -- , _ _ .
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7sb1e26. R1lYILPflV 0 FM DMIM IATM
231 'LIZ HOP iU E A CM ATSAf-L-Y,,,j-

Period: June- 196T to Ju=, 1968
ReferenCe: 1% Pt/&.8 A1903 (9871i-24; kret . 1.00)Tests in MICTR at USV, 10 a9tM pres-Ure at 732", no added bydrogen

Catajlst
. - Relative IL.te

266,268,270 9874T7 1% Pt/lavbw 0104 A1,203  o.76 g. 1.26
2 288 102-45 t/ 6 suport 0.6(repeat or 98T7•.161) o1.2
292 10280-214A 4% Pt/oupport type 1I.612

10-20 me•h 0.56 1.28
283 10280-24A 4% Pt/ae rtt 0.56 I.o

14-20 sub o.56 1.e0
284 10280-204k 4 Pt/sup~port type 1 0.1.0

10- 14 mesh 10
291& 10281-39B 4% Pt/type 2 support 0.14w 1.23

29 108-4D) 2% Pt/pelet~d %Mp .1 0.6T 1.28support
298 10280-4.fb) 1% Pt/peileted type 1 o.643 .19

Support 1.19
31i 102W-330) 4% Pt/typs 2 support 0.I9 1.43

351 =80T7B 2%Pt/8otype 1 support o761310. t20 % 6 binder
388 10280,63D 2% Pt/8o% type .1 support 07388 1o 8o-3D 20% type 6 binder 0721.23

392 102ft81Dii ,% pt/type 1 oupport 040O5 1.38
415 0280.98D 2% Pt/40% type 1 support
415 1080,88 40* type 1 support 0.526 120% type 6 binder

2% PtAee% type 1 support4a 12D cn 40% type 1 support 0.609 1.3720% type 6 binder
423 1280_106C 2% Pt/8o% type 1 support112 1280-l~o 20% type 6 binder 0400 1.35

509 1oe8o0l22b) 4% r't/type 1 support 0.724 1.08a) M*R2e dtied =normation; on Mniida - aals metrae ibf~io by eferzag oth PPz'op2iatO run MUMber In the Appendix Tables,,and Summary Tables in the text.b) Evaluated In bench-scale, ef page 0.. of this report.r(Ccutine)
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Table 2•6Contd). rE, ATME RATW OF MRi DEHWDR0C•VATICH
13Y Tl1fL AUT1V~t CATMST

Catolya3t RMlative Rate
RuNo.) No. oriptien Wt ee--e9d 2-F

526 102 -t.129b) 4 P/type 1 s r697 1.21
(muffled at o.097*)

521 1o28o0-oz 4$ Pt/type i s 0.672 1.37
(muffled at 1097"F)

1ir compared to control 81A, c, Table 27). Muffling) of t.heso catalyats in
air at 1:12'F prior tU the usual reduction in hydrogen (at 797°F) gives
various additicoal activity improvemcnts in certain instances (i.e., 10280-81A
813, and 81D). The effect was adverse in one instance (81C) and without Much
effect in two other caes (81z and 81F). 'he higher initial rate of •1F is
partly ascribable to a breakdowun of part is to smaller dimensions. Generally
with catalysts of the 10280-81A type, aect.sity declines only above 1293OF
muffling In air (i.e., 144*F). (Cf catalysts of the 143 serias, runs 5T75-578

And 595-598, Table 63, of the Appendix.) turflizg at 1112 F causes a
substantial auYtvit-y decline in catalysts 9874-139 and 90, and is withaut
erfect for ref catalyst 9874-7 (cr vun 545 vs •554 548 vs 555, and 558 vs 557).

Table 2T. EFFET OF 1n.TRALIkTrIO OF PIATINUM IMP1PXuu.IE
BY VARIOUS ACIDS ON ItH DOI)R(WMENATION ACTIVITY

Period: September-November 1967
Conditions: Same as for Table 26

Catalyst Acid Used k/ka MOOR)
Number P F ar Neutral- un o.acinelw2o- ization Dried at11124e

81A 4 c) None 378,389 1.13 1.21

_8' 1 1 379,390 1.18 1.39
8Bc 4 2 380,391 1.30 1.03
01D 14 3 381,5902 1.21 1.38
819 4 4 382,394 1.31 1.29

• 14 5 38,'395 11. 49b) 1 1 45b)
a) e -'first order rate coastant of experimental

catalyst; ks w first order rate corntant of 12 Pt/R-Z •l.O3 catelyet (roe).
b) The 10-20 mesh particle3 broke down to smaUer sizes

which would tend to increase activity somewhat.
c) Control.

a) fflMling . ieatling E a ,Tffle rp-nace.

7-2-
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Various other attemyt. to disperse platinmm on this sane uppowt•
suh am cbemical reduction of the omplex platinmm salt In situ, or longer
inpregnatic of the support with the platinum ccplexj, gave no inprovewnnt, In
activity (of 10280-14I anM 176AO reap; runs 601 and 624 In Table 68, of the
Appendix).

A umber of older ?t/type 1 support catalyst. have been retested
for comparison with similar more recently prepared catalysts which appeared
less active urder present test conditions~. Generally, their first order
rate conatants were lower relative to the reference catalyst1 than originally
found. fTUB probably resulta in part from removal of flnesa) Us than 20
mesh which I nou routinel.y done. Previously it was shown that the aotivity
increases substantially with decreuaIg particle size. The results are
summarized in Table 28 and detailed in Table 68. of the Appendix.

Table 28, RJUMMVE2 !EH DEHY!1RC(E5iATIN RAEES -
rw SEV&L OWK)R 9UPPORTE Pt MUOALS3

Condit-ons: UJV 100, 10 atml presset, no added
=ydrogen 0.9 ml 10-20 mesh catalysts
diluted with quartz to 2.0 ml
(catalysts prereduced at 791 F)

Noa. Catalyst Description !to/ksf) R= ýddNO.I 987- 1 No. Data)

5S5 199A 4,' Pag)/typ 1 sup ) 1.09 205 1.09
5TO 199C l4, Pt/trpe 1 uapportC 1.29 208 1.44

*567 199D j ed Pt./type 1 support0  I .-IT 207 1.32
56 200B 1 tt/t.pe I supwortce ,) 1;08 212 1.29
569 200D &,a~l Pt/type 1 oupport°0 el 1.32 214 .. 65

Sa) Impregnate acidified.

b Sup.-Ort used as received.
c Support muffled at 932"F bffore impregnation.
d Ce.te.lyst ;muffled at 109.5*F In air before testing.
e) Different than used for 9374-199 catalyst series.
P) See footnote (E) T'ble 27.

A bdghly active catalyst results at 4$% Pt loading of ano
ispherical type 1 support of high density (0-76) mad high surface area
(•2•5/g) (of catalyst• . 180-91A and 913; Table 66 of the Appendix). A
large quantity )Ai36 al) of a catalyst of the -91 tTpe has been made for
evaluation in the ISSR (10280-11).

A number of additional metals on various supports were also
evaluated; and of +hese only metals A (previouly noted) on type 1 or 2
mspports, metal B on type 2 uupport, and metal D on type 1 support appear

a) This occurs in some owes by decrepitatioai resuing rna contact WEtS
the impregnate solution.
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pri"Ieng (of Tnbl. , ). msa have been studied further In various bimetallic
and trimetallia cOb.LIA"a on various supporte (see later section).

Table '-. K-. ATrM hrli D flO(ITWIMO RfM3 WITi
VkUUo -7- I.E r~A al 6&NkRU SUI PU±{I

Cately- ateaeript iona

)~~~o.~~ -)M- upirt~ e Ko/K8 (7520F)a
U0.- 1028o. metal T 28 r,2 rt

325 140A 10% A 2 0.8k4
50o -191 A% A 1 0.77

6T1 185E 4$% B a 0.87

33T 66.. 4$D B 04

1.25 102? 5% C 1 0.0

661 172 .% D 1 08

W.8 nn1 20%E 1 ý-i12

W8 11A 20% 7 1 0.33

290 36 G1 1 0.0
19 663 5$10 2 0.0

299 4.2 5$ 1 0.0

aimetallies

Various prcotero of activity for platinum on type 1 or 2 supports
have 'been evaluated In the KICOT. MsxV of these are listed Uk Table ) with
their relative rates at 752*F with MtH at 11V 100. These proters are
either vithout beneficial effect or are deleterious to platin= activity.

Many supported blnetallics (not ecttaining platiujm) have been
examined and a few of these Lave skovn ace prcmise. Data for one of these
systems Is xhown in (Table Pi). ('e of the supported (type 1) netals •a
ocV letely inactive e -ý other supported metal lo has activity up to
752 F but becwes inactive at 82.*F (10280-102Y end 66A# reap). Over a vide
range o compositions these two metals cooperate with a broad maxim•m of
activity at 662-e82F. The higbest rate# however, Is only 80% of that of the
reference atalyst.

TrImetall ics

Mtany trimtal-lica on tnp 1 support have been evaluated in the HICTR
with •?H; ome of these metals was platinum. None of the metal combinations
used in the explorative phis. prcwoited platinu activity, and a mnber were
deleterious (of Table >216

Snme of the more prcoaing metals vere evaluated also in bsetall3i
or tr•sietallic combinatioas in different proportiozs on type 3 support (cf

_____rai__"_L_-_- " - .. ,.J l..2 ....- t.~ . .-----.. *-. ______

l l I
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Table 30. W MATIVE MSH LMIN
HAMF' WITH SUPPCRTED VARIABLE

CC*IPOS1TION BIMMULLIGS

Period: .a ircay, 1963

Conditions: LHV ]D00, 10 at pressure, no added
bydrogen. 0.9 al 10-2-0 neb catoo-
4Lst diluted vith quartz to 2.0 m3.
(catalysto reduced in situ).

PArn Catalwa Wmetalli
No. 4o. 10280- Pt Pr-oter ! r,2F)

667 .S5A 4% 0o B(Cmtol) 1.0
668 1e5B 3% 1% B 0.96
669 155c 2% 2% B o.91T
67o 185D 1% 3% B o.FA
6fl 185E 0 4% B 0.8T

Tjpe 1 uor
624a 11 6 % 0 i1i14

636 15TB .5% l%.!A O.fr
65 15TA i$ 1% B o.6
337 66A o 14% B o.4

369 79B 1% 0 (Control) 1.00
370 79C 1% 1% 0 0.35
3T 79D 1% .% L 0.49
372 79E 1% 1% 1 0.93
Y.16 42A •1% 1% N .
7 79, 1% 1%i ) 0.6o

875 oc 1% 1% p 0.68
576 oB 1% 1%1g o.68

-75 -
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TPble 3 ). Once again none of these oombinatkne produoed a moe active
catalst thw platinun alone an asme were deleterious to activity.

ablIe & ,ATIVE •IH DEHYALMMT1

Period: Septeber-Nevember, 196T
Condition: UiSY 100, 10 atin pvesoure,

no added hydrogen 0.9 ml,
10-20 mesh catalyst dilut-
ed with quartz to 2.0 ml
(catalyst reduced 17, situ)

Hun Catalyst Bimetallic

No. No. 10280- C clm
1425 102F 0 C
4 102 2 4 o.T4
n7 102B 5 5 0.78

428 1020 10 4 0.69
1416 10M 10 2 0.714
429 102D 5 2 0.69
43o 102E 5 6 0.67
33T 66& 0 t4 0.46

Tal 2 RXIATIVE tICH DEHYDROGENATIOtN HAM1

ON A M~E 1 SUPP 10iT
Run Catalyst Trimetallio
No. go. 10280- _l IM 2(
6214 176A 14%Pt o 0 .1
657 263A 3$ Pt 14 9 1% D 0.88
658 253B 0 Pt 1% .1%D 0.91
659 .63C 3%Pt 1%A 1%D 009T
66o 16,D 3% t 1% G 1% D m4
6614 163E. 3% Pt 1% H 1% D 0.91
665 163F .3% Pt 1% 1 1$n 0.72
639 159C 1%Pt 1%B 30. D O.9
614o 161A A Ft 1% E 3% D O
641 l61B 1%t 1%IF .. % D 0.79
643 161 1% t 1%o 3D 0.89
6.6 161C 1%Pt 1% H 3% D o.T8
6,47 161, i ,, ,, 0.6 9, e 1 3D..6
a) P-e-rod: Menh-tiayp 1964 Conditimis an In 'Table >1.

Dehydrogenation of n-Heptene

A cross-section of various catalyst types haie been screened for
dehydrocyolization of n-heptane to toluene, at LJSV 10 10 atm preLaure, and
at 842 and 9320F, vithout added hydrogen. At om•plete conversion the coubined
sensible anM reacticn heats expected at 932*F would be about 955 Btu/Ib for
oracking end 1T74 Btu/lb for dehydrocyolization. The results of these tests
are given in T.ble-. of t.%e Appendix, with catalyst 9874-24 used as reference.

-76-
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able BRELATIVE lWEH DEHYDROG-4ATION RATES WITH VARIOUS
AMOUNTS OF SUPPORTLD BIX-0TALLICS AND TRIME'TALLICS

Condittono: 1J"SV 100, 10 atm pressure, no added t3drogen,
0.9 ml 20-20 m3sh catsl~yts diluted with quartz
to 2.0 ml (catalysts prereduced at 7979F).
temperature - 7526

Catalyst Farcent by Wt ,un a~b) Iu
No. - I un10280- It A 2 :o. i.'., No. (742-)

119A 1 0 0 602 1 1.05 - -

121 4 0 0 606 1.13 -"
1198 0 1 0 608 0.77 -

1199 1 1 0 so$ 0.91 -
1190 1 2 0 603 1.06 .

*119D 1 3 0 607 0.96 -
1190 2 1 0 512 0.92 541 1.03
1.03 2 2 0 51o .. 0e I 9 1.14
119R 3 1 0 513 1.14 538 1.26
119 3 3 0 616 1.09 640 1.03

120D 0 0 1 520 0.13 - -
110A 1 0 1 517 0.10
1203 1 0 2 518 0.63 - -
120C 1 0 3 b1 i .60 -0-
1201 0 1 621 0.79
1201 " 0 1 622 0.8 - I -
1202 3 0 2 624 0.88 0-
1200 3 0 3 623 0.74 - -
122A 1 I 1 632 0..; - -
122Y 1 1 3 635 0.8'i
M2•r/D 1 3 3 633 o.0.1 -
122H 3 1 1 635 1.19 -

1221 3 3 1 3! 1.11 - ! -
1221 3 3 2 637 0.93 -

1223 3 3 3 620 1.00 -

122C_ 3 4 1 3 .630 1.01
a) XG first order rate oonstant of oxperlaenta1 catalyst

K mfirst order rate constant of reference catalyst
(NU7'-130) (1ý Pt/A1 50s R-8 type).

b) 2564F dried before red~iction.
0 )W~afled at 11120C In air berore reduction.

Many of the catalysts were comnpletel1y inactive under these conditions uan
others formed substantial arvwito or cracked products an well as toluene at
the highest temperature; little or nio hexenes were formed.* In several
instances almost complete Conversion to crooked products occurred (i.e.,,

*6T491-33B, 10280-111A. 3-1lB, and U1C- Table T0 of the Appendix). In view of
the low allowable space velocity (105 as 3c.pared to MCH~ dehydrogenation,
(100-2W0)# a&3 well as the undesirable natuxv of the products* non of the cat&-
lysta tented under these conditions appears promising for beat aitk usage. in

* cases where extensive cracking occurs carbox, formation would be expected to
limit catalyst lire. Howeve~r, a very active cracking catalyat migbt be uceful
as a disprered phase catalyst (especially if some dehydrocyclizatian also
occurred).

-7 t
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Catalytic Coatiiv

•_eoration and Granular Evalluntion lith MCM

Preliminbry experiments were made by coating stainless steel with
thin loycre of catalyot supports. Stainless steel strips (1" x 2") were first
sand-bl•ated and then degreased with acetone, prior to coating mont of the
trials were made by star'In& with wet psite mixtures prepared from typo 1
supports &M various binding materials. The pastes were emplaced by smearing
with a spatula on the strips and in some cases a scalp massage vibrator was
utnld to smootL the thixotropic coating. After drying in air and at 284F,
strips with coatings having good adheaion were heated in a muffle furnace at
932*F or lower tevperature for a further chock. Coatinsa vcre about 20 mils
in thickncoso Coating oandioates were Pluo plaoed on the exterior of
r<iend .b.=4 tubir., 'aI stainless steel screen, or mnde as granular
supporta which after platinizing were tested in the KICTR. Evaluation of
platinized granumlar formulations Is convenient and uBeful to determine the
catalytic efficacy of the coatings. The evaluation of mechanical properties
of the earlier coating in shown In Table 69 of the Appendix which gives thenomber oW granular or tube catalysts derived therefrom. Good adhesion vas

obtained with an eo% mixture of finely groud fibrous type 1 support and
particulate type 1 aupports (1:1) and 20$ type 6 binder ýformulption 1), or
with a particulate type 1 supports and type 6 binder (4.1) (formulation 1I).
Supports of this type (after platinizing) are very ective for MCH dehydrogen-
ation (of %= 415,, 41T and 492, in T1b012_, next section).

A, large iwaber of these catalysts have shovn aotivity exceeding
that of the reference catalyst and equaling that of the best yreviously
frepared greuxar catelysts on the some volume or weight charging basis
ie.,TA M 106C, TE, S9B, 89B, 980, lCB*, 92A# 92B, 92C and 98D). The

moet satisfactory non-asrinking and adherent formulations are still those
prepared from fibrous end particulate type 1 supports and type 6 binder.
Adherence to sand bloated staini•e steel stripe is reasonably good, but
further improvement in this respect in desirable. AtteWts were made to raise
activity per unit volume by using a high density (low surface axCA) type 1
particulate support in the formulation, but little is gained in activity per
unit volume in raising the density beyond about 0.7. The bent result has beta
obtained with catalyst coating formullation 102&80-98( with 5% Pt loading
(of TLable.4). Impregnation of coating materials with another metal, that is
almost as active and selective as platinum at high MCH conversion, led to
similar results obtained earlier with this metal on conventional supports
which were side reactions leading to bdnzene and cracked products (catalysts
1o28o-lo4c and 1o6D).

a) UY' long x 0.11 dia. with 0.012" wll thitkness, cripd at ends.
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Further experimentation has been carried out with the adherent
synthetic fibrous-particulate type 1 support mixture with the type 6 binder
(formulation I; 40:40:20). Satisfautory adhereuce and activity (when
platinumized) result when particulate type supports ranging from 7 to
-278 Wr/g are used; the latter giving an overall surface area of -250 m2/g.* The use of a highly alkaline type 17 binder leads to poOw metal adharewne and

* poor activity on platinization (cf run 54J4 and 5.6 of Table 6T o? the
Appendix). Various treatments of formulation I type suport, or catalysts
derived therefrom# have somewhat different ei'fecto than the correpondig
treatments on conventional supported catalysts ubare these treatrents resulted
in Improved activity. Acid neutralization of the impregnate decreases the
relative dehydrogenation rate i.rom 1.12 to 0.81 (catalyets 13A va 133B,

) A lower relative rate (0.98 vs 1.12) is obtained on ,tLyng thesupport at 2590F instead of muffling at 1132lF, before metal impregnation
| (cf catalysts 330C v 133A, Table A). A slightly decreased relative rate

(1.06 vs 1.12) recults fran mn g the finished catalyst in air at 1112"F* (of cataealt. 133D vs 133A, Tablje ).

Substitution of 0M% of type 2, 10, or 19 supports (formulations
1II, IV, or V) for 40% particulate support 1 (formula 1) leeds to aatisfactory
adhesion to stainless steel particularly if first coated with binder 18, an
described below. Formulation III uas designed to raise the surface area of
various formulations I from the range or 120-250 m/pa to ca 500 mog/ (of
granular catalysts 117A and 11TB, of Appendix, T 6). reMnlsM supports
of these typea give catalysts with activity equal or greater than the
reference catalyst.

Addition of 12% of an oxidizable particulate metal dust (type 15)
to formulation I gives sao improvement In adhesion and a satisfactory
granular catalyst support (of catalysts 131A and 3I.DI of Appendix, Teble-).
This metal in finely divided flak4 form was found to be high' reacE---
with water in the romnilation, with resultant frothing and heatirs up to form
a highly porous friable support which was not usable.

Substitution of a fibrous mineral (type 16) for the fibrous synthetic
type 1 support in formulation I has been studied. The former Is rraiily
available while the latter is no longer mainfactured. One finey g n sample
led to a formulation (4o% type 1, kO% type 16, 20% type 6 binder) that when
platinized had satisfactory activity (cf catalyst 14OA, Table J).. This
foxvalation (VI) is less vhixotropic when wet and gives poorer metal adhesion
after muffling than formulation I. Tvo other samples of type 16 material give
foralations which crack an strip from metal even on air drying. Foxrula-
tioe of this type can probably be improved an to adhesice.

There are various problems associated with b~nding a thin catalvtio
coating onto metal so firmly that it adheres well at variable elevated
temperatures and survives temperature cycling. First, there is a difference
in two dimensional thermal expension between the coating (an insulator) and
the metal which on heating induces mechanical strain on the coating. Second,
a tight bond ii necessary between the catalytic coating and the metal wall so
that coating should have act elastioity to prevent "tripping ard thus allow
e/ficient beat exchange between the metal wall and the reacting fluid. Third,
the coating itself must have good mechanical strength, so it remains in situ
for a long period of time in use. An upper limit is set upon the strength of

- 81 -
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jtable ý- MA3MIE W~H DEMROMAWION RAT-S WMT
VARIUOI CANDU=lA CAXAMIXC CCIA IIOGS

Coenditione. LUSW 100, I sto preseure, no sdde hydroge, 0.9 il 10-20 each
cstalyets diluted vith quartz to 2.0 al (catalysta prereJucwd
at 7917) (cf test date Table 6_7 of tie Appendix). T , 752"T.

Catalyst MO Support Description Run "a. ulý kc/ke_
No. 7. Iity

9074139 I UOP R-8 type A1303 (ref) $43, 559 0.4 1.000
KlI28-1334 3 40% t;lo I support (I) -401 type I suprort (2) - 5S2 0.53 1.12

Ari type 6 blnderO)

.1338 34i •OW tyre I support (I) - 4e# type I support (2, . 5
20% type 6 blnderb) $63 0.53 0,81

-13X 3 W0t type I support (I) - 401 type I support (2) - 564 0.55 0.28
201 type 6 bindrrc)

' -1320 3 0280-13.C muffled at 111212b) 551 0.52 1.06

S77A 2 40. type I support (I) - 40W" type I support (2)0) 492 0.56 1.24
- 20' type 6 binder

2 -131A 3 39ý type I support I) - 39; type I support (2)
- 12 oxidizable metal - I10 type I bIn~srC•)

' .1316 3 39$ type I support (i) - 39J type I euppoit (2)
- IZ oxldizable atel - I1V, type I binded) 560 0.62 1.10

3 -117A 2 4C$ type I support - 405 type 2 support - 487 0,37 1.19
20 type 6 binder

a..171 4 W0i type I Support - 0 type 2 UA't -488 0,37 1.12
20% type 6 binder

-I(C, 3 4W type I support - 4C type I16 upport -556 0.33 1*3

I type 6 binder 5
a) kc a first order rate constant of experimental catalyst.

'kt fWrit order rats constant of reference catalyst g874-139.
b) Il2Fm wmffled support used for Impregnation.
c) 2591V drlI'. support use6 for ficrtgnsalon.
d) kAid neutrellsiei Impregnete.
e) Different type thin usod for catalyst ICMbO-133 aeries.

the oat rlytio coating sin•e It must hbae t aubst-vtima. pore volhe and surface
pe_-O to perform proparly and tcrofoe cannot be wa hard or b:od as tightly
as a gintered wnporiou ceramic coating. Scne of these problmw oan be
resolved mechanically but certean of them are inberent.

The above desor'.bed tints were carried out with sheared 1- x 2-in.
stripe of stainless steel a&M ocnsequently had cambered shapes. This causes
unequal staves in the iongittdal direotiai on nwiffling in air and tUereL an
imwven strain ca the c•atalytic coating. Mild steel stripe have been ottained
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for coating studies which have been band sawed to shape to avoid this problem.
This metal oxidizes more readily an muffling than stalnlees steel but this
vould not cocur in a reducing atwsphere.

An improvement baa been made in binding fon2*ulation I type material
to steel surfaces. The cleaned surface is riven three applications of 5%
aqueous type 18 binder. Each coating is air dried, and finally the triple
coat is air dried and muffled at 752 F for 1 hour. This apparently forn a
glean like surface bond to the metal and in turn forms a good bond to the
formulation. Also it reduces oxidation on muffling in air. All 1/414
0D reactor tubes coated with catalyst coatings were first coated vith type 18
binder (of next section, Table ;6). Pt coated binder I. iw'otlve (of run 592,
in the Appendix b Tal .

Varicus formulations were coated onto the valls of lA" OD tubing,
the tubing wall thickness was usually 0.028". A fairly well controlled thick-
ness was obtained by first partly filling the upper end of a tube with the
thixotropic formulation and then drawing a Teflon plunger through (both ends
tapered) with the desired diameter. The tubes were dried at 126.o, the
excess ooating drilled out with a No. 10 numbered drill to the desired
coating length, and then muffled at V2"'F. This was followod by filling the
tube with the platinum or other impregnating snlution followed by bying and
reduction in sita. Thicknesses were varied tfrm ca 4 to 13 ails, and were
usually aroumd T-l/2 to 8-1/2 mils. An effort was made to keep the platima
content in the 2-3$ range. Ths could be deterained accurately only by
drilling out a catalyst coating and having the platimnm content analyzed.
net gain In weight on platinizing ie a very insensitive measure of plttintm
content because of the considerable tube weight (-38 F%) a c•apared to
catalyst weight (0.1-1.0 p) of whiuit the Pt content is only 2-3$%.

Coating Evaluation With MCH

The results obtained with various catalytically coated 1/" tubes
on taCTR testing with ICH are sumarized in the following Table 6 and given
in more detail In Table 68 of the Appendix.

At constant pump rate (90 al/br)., corresponding to an MHO LME of
100 with conventicnal granular uarticles, 8" coated tubes I and 2 give higher
relative rates than the reference catalyst, particularly on the se eatalyst
weight baosis (of last column of Ta 6). As with all the other coated tubes
described in Table 6 higher rates are obtained if quarts peaking Is use to
create turbulence. An unpacked tube has an estimated Reynolds =Aser of
ca 350P at 752F (i.e., lamellar flow range). In pe-t, higar activity refults
from a thin longer catalyst zone (8 vs usual 4") which allows better beat
exchange so the catalyst operates closer to the block temperature than the
shorter bed graznlar catalysts. Activity increase also has been shown with
identical amounts of ref catalyst 9874-24 by doubling the diluted bed length
from 4 to 8" which gave an apparent rate increase of s6%, and with theother
ref catalyst (98T4-•39) an increase of 29% (or runs 3.3•ve v3 ad 603 vs 604,
Appendix Tables 66 and 68). Also, finer particle size (synnymous with a thin
layer) vsa hown etlier to give an increase in rin (of Table 2E).

Three tubes (3,4, and 5) coated with different weights and thicknesses
of platinized formulation 1 gave about the sane high rates without quartz

8-
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packing and higher and t~quivelent rates with quarts pecking. Th highest
rate of this series vs that of an eqtdvalent weight of ref catalyst wan
with the tu. 'with the thinne t coating (tube 5j, quaextz finled, run 61o).

A thin coated tube k'10) with 4"' bed length gave a high relative
weight rtet (7-32) when quarts packed. An-lar tubes 0.125" dia or 0.1rrn dia
were centered !n the catal~et tube to create turbulence. However# the
Increase in turbulence might be more than counitatbalenoed by the decroaso In
contact time. The relative rates dlecreased, and a reohecic of the quartz
filled coated tbeb showed the relative activity had declined during this
series of toots, probably becausee of mechanical. Injtu and loss occurring I
while making the pbysical arrarngenenta. Thi'. experinent, will be repeated.

The hie.%vt rolstive weight rate was obtained with a quartz (tleod
tube (7 coated with formulation III support (c: run 600). High rates were
also obtainad with for~mulation IV coated tubes, and repeat rum with &in.
witbout quartz gave %bout the seme resul.3ts.

An-ther getal (A) perforsed better, relative to platimnsm on a
coated tube than on psrmiar support at high convervionp however, acme
benmene vas tamed in addition to toluene. Experteno. with the benohacecle
teats indicates a gradual lose of activity. A second metal (D) performed.
fairly vean but was not a serious acompetitor (run 617j, Appendixj, Table 6)

71.wo overall rmaest show consaiderable promise for the use. of this
catallst coating for the proposed endothnrmic catalytic heat exchanger aW
this effort, will be oontiuaad.

A few experiseats vere carried out with an 80 mesh Pt-1r (90:10)
screew which weighed 0.85 j. This wasn loaded Into a 1/4w W reactor tube
and MR puIwsee th~ia It at a rate of 45 mi/br. The screen van Inactive, In
Uathin and rJc when coated with 0 - ga of Pt block (of rums 3'Z and 330p
Table 66 of the AppendiL).

84 -
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CCYNTEID TUB3ES 'WITH DIFFERENT PHYSICAL ARRANGFMW~-S

Pt impregnated unless otherwise noted
Conditions: seine as for Table 35, constant pumnp rette (90 vl/hz.)I

PAO c6& Cý* . I rd- 4u c wt oc CL-

IM. %be128 if, -- -- R~

9802926 71 $1 1.89 3.3a

x6 $P11 7 76 97 F.19

0.406 U. -29 61 TV 1.4.5 I.M

98 Few14 1 7$ 96 2-U 2.02

IA 13- 1.- 36 65 7 LS'.

Mrs (P11) y 30 71 W 3.98 A.j

5W8 o.663 29 Ty W7 .f

59(Foft ) x 31 72 IM19912
990 0.27.1 27 L"1 15 2.46

$1(Tor% 1) 4 1 76 9 ~ 2.111 S."4

6130.228 31 67 85 LTI .8

610 (u l 1 32 81 6 8.03.79

fir 17 0.0889 6 22 46 60 0.9664

626 _____ t (a I) x 26 42 87 L55 .

636 T a." .9 b) 23 67 41 0.7 .4

S651 (FmW* ) , ) 17 60 60 0.17 M.9

110 IT 0 OM .6 4- 0 " 3 A .I
4734) (OWN1) It 14 14 72 Lao 4.6

M 165 0-M7 7.4 9
400 (Form 111) 1 9 76 9 9.0 11.9

"66 1789 0. Q32? 6.5 7.73 2 ý 76 96 3.17 1.13

160 3TC P 01? . . 1 77 96 2.23 $.70

(ftmw IV) a 7

672 1760t) 13 A.2 .% 7.77 1 29 76 96 2.17 1.8267) 1788) 16 01,6 8. .2 28 69 93 1.763

176 .6~ . . 21 97 a8 1.26 3.76
IT) (vors 1) .15) T$ 75 x 37 7o 96 6.69 I."

61 7 a l 1 0.3555) 1.9 1 7.3 x at L 0 66 LOS I W

a) VAil t~eko... 0.052-, o11.1.we 0W2..

0 )0.121 41.inter .. akr tube owstersd 6.814e ootto4 w...tu tube.
* ~ ~ ~~ of Sebsb 1 s 626 a* CrigirAl 06141YS1 WeiittY.

4) 0.1m7 4lmWtar amaglar jobs ceou~wm ift.as114-/ W0 ecoted awecta tube.

h pW#p#mted vith PhtaA.

64458 -85-
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Mcwonventiorfl Catalyst System

nqrnoervous and Dlnapera Catalysli

An dIscuac.d in an earlier reportg) w arca of citalyst modiflea..
ttons vh2iich vb • x: . e•r•wx.ly uneful to heat aluk appli.cations iiivolves

I T. ,a rtt di:terieed in either a di3.';rmte cr mouiecular state, vlich
covId be. with tt.t f'1 in tiM bt.at ex'bange zone or an eniLn, ara

~J~protet! '.4 ~iý A:tus'%4un cbhnibr thro'xwA tba nozzle. Herr)ýe- tire
inwe~etigaV •, 'Irn a prmlimlr-%'7 i, possible f.6 ouluble or Mael dispersible
catalyzic materitsc, and testing them foy their effect on the MCH detrdxo-
genstion ,oaction.

Most of t prifeliminary wrk to date has involved the aimple process
of adding M;i1 and the catalyst in the desred amounte to a stirred autoclave
and then ob&,rving the preusire rise during the vajorizattor and reaction.
Ana]ys.a mare b GoW. Several materials have PlvNwn catalytic activity at
1 percent metal (basis weight of !'H) at 80-1OO0. Nearlr all tests have
been run in the virtual absence or oiyen.

Results from the axcclavs tests have been tabulated in Table T.
Catalysts used have coe frco both comercial soorces and lab preps. Snoe
encouraging results have been obtained in a few eases, and actually mo.%t of
the compounds tested have produoed at least so= activity compared to the
neat K*H base case.

one material (aun. 126-129, 153-155) showed remarkable activity, and
in Runs 126 and 127, vith good spseifioity to toluene and benzene. Hg pressure
develolped to high levels for these runs aloo. Unfortunately, the activity of

this catalyst has provon to be elusive and nn.reproducible. The other runs
shkin for this catalyst represent efforts to find the cause fir th.o non-
reproducibility, by varybig temperature rid ni.en content of the blanketing
Cu. Run 130 oembinse the catalyst of Interest with the catalyst tested in
run 125 to abcek out the possibility of synergism by oonUmaination with the
previous catalyst. The activity state or the autoclave surface h.as also been
comuidered as a posible factor in this enigmnati behavior, but has not been
inmetigated. So far, all effortc have failed to reproduce te excellentresults or Ru 226 aul 12T.

Two oompounds (nun !24 and 125) gave about 50 p-rc2nt total mu-
"versts, but these appear to act mWly as cracking catalysts, rince Most# of
the products wre lover molecular weights than 14CH. Another active catalyrt
which appears to fit in the cracking category is that of Runs 143, 146, 156,
and 158.

Runs U8 and fl9 are also of interest because of tbair relatively
high total conversions to debydr-4enation products (ca 25 percent toluene,
bensene, and mtWlcylohexenea).

The degree of activity displayed by these czapounds Is cntouragiml,
although mat are less soluble than would be desLzed. ne results my, in
scoe instances, point the way to modifications in the organic ligmnds utic•
will Improve this aid other properties. We have also been doing mwwormk on
the concept oC uaing wnall amounts of special solwnts (solubilJ.ing agents)

"- i i iJ J J"" -'-
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Xiable 37.DrSPERSED PHASE DEHYDflOGENATION OF MCH
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Part II

to Inprove the aclubllity or organometallio ccxmpounds. Solvent agents which
have been used for this apur-poe are listed in Table 58. A miber of new
catalysta have been prepared or purchaoed and are now available for testing.

Table 38. CANDIWATE SOLUBILIZIIG AGENTS FOR DISPERS
PH.AE CATALYSTS

Isopropll Alcohol Acetone
WUtlere Chloride Dimethylformamide (DtW)

Phorone Dimethylsulfoxide (DMS)

Morpholine Piper line

2-litropropare Butyric Acid

Toiuere n-He.ptane

Ethyl Acetate Hexametaylphoepboramide

i/3 "ach: DMF,
Acetone, n-Heptane

Howaver, ve have been involved recently in a reassessment of our
experimental approach. The type of test described above, utilizing the 350 ml
stainless steel autoclave, was only intended to be a way of taking a first
look at cat•lyst activity. The present method suffers from the very slow
heating rate, possibly over an hour being reqaired to reach a 900'F steady-
state test temreratture. This is undesirable since the gradual heating regime
of these tests may be detrimental to the reactivity of aome of the catalysts,
which would be true, for example, if the active form of the catalyst were in
the nondeecmpoeed state. We would prefer to heat the autoclave to its reac-
tion temperature, aeA then add the reactant and catelyst.

A further complication with the original bomb test involved the
accessibility of the reactant mixture and product vapors to the upper recesses
of the stirring mechanism. Since the Magne-Dash required water cooling, the
resvilt has been a comparatively cold zone in the top of the bomb where conden-
sation could occur. Deposits formed were difficult and time consuming to
remove. Moreover, back-contamination from this source could have been the
cause of e anomalous resu3ts encountered in the past. In order to improve
this situation. we have obtained and adapted a non-stirred autoclave. It is
planned to use a magnetic stirring bar, driven from the base, to stir this
auboolave. The cover is equipped with 1/4-inch openings through which
liquids can be charged, so that materials can be chalged after the bomb id
hot. Also, no dead space exists where contaminants can build up. The new
equipment is ready to be pressure tested under temperature. We will also
examine the possibility of using the pulse reactor (of p. 21) for testing
siailar types of materials as catalysts for MuH dehydrogenation.

: = | -" : i i ; • -88
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Feasibility Calculations on Diepersed Phase Catalysui

Ou• confidence in the ultimate success of the dispersed catalyst
approach has been reinforced by the results of some rather simple calcula-
tiona of the reaction possibilities between MCH and a molecularly dispersed
catalyst in a flowing system. Conditions chosen were those of interest for a
regeneratively cooled system. A computer program for a plug flow tubular
reactc- was adapted for a variable molar flow and used to calculate MCH con-
version and texaperature as a function of reactor length.a)

Fbr a plug flow tubular reactor with variable molar flow the reaction
ratep according to collision theory, is

i AL(p e -E/RT 1JLJ - v X wereomvI 0C w(a2
1+ 3y p RT

collisions/molecule-uec; the heating rate is

dT .(
SD -F ep cp r- + 3.y)

where heat is transferred through the tuve wall at a constant heat flux, PH,
and the velocity is

dL 4i RT()

;he variabler vued in the calculations were taken from previous work

and are consistent with I*ioae used in the packed bed reactor calculations:

I) Heat capacity,

for MH Cp - 79.1 + O.o)63(T - I60R), Btu/molea-R
for Ha Cp a 7.099 + 0.00272(T - 1I60R)

for toluene cp n 55.9 + 0.0236(T - 1460*R)

'total otream ap 26.1 + i4.Z4 1,+ (O.Wý6 - o.00I4)y)T

2) Heet of dehydrogenation,

d" 92,500 Btu/mole at 1.60*R
92,500 +. 1.90(T - 1i460R) + 0.0022(T - l!460*)2

3) Tube diameter,

D - 3/8 in. (cross-section are% - 0.O0110 ft2)

a) The program was developed aad the calculation made by DrI. Roger Hite.
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I4) Initial flOW rate,

Dr a 528 moles/hr-ft2

- 1.08 x 10o- moles/Sao (12SV - 103)

5) Heat flux,

FH - 5 X 10 otu/hr-ft2

6) Initial temperature,

T - W00OF

7) TUbe length,

L- 10 t :t
8) Activation energy,

I - 12.0 kcal/g-twle

9) Initial pressure,

P - 1000 psis (assumed constant)

i0) Collision frequency, n

Assuming molecular diameters (a) of 6.1 A for WVH and 3.8 A for the catalyst,
the collision frequency is

Sw 11.26 x 1 fP colliaiona/moiec-ule-sec

11) Collision efficiency, p.

22) Concentration of catalyet, fC, mole percent

The results of several calculations are shown in Table 39 belov.
Since the reactio- rate is proportional to the two unknown parameters p and
tf,these have been lumped together in the table so that the yiold, temperature,
and space velocity are presented an a function of the combined parameter Pf C.
In Finre2O the results hAve been plotted assuming a catalyst concentration of
l, -- -•-is a feasible coneentration for a cheap catalyst (such as CNO).
This shows that even at very modest oollision efficiencies higl. reaotivities
wre indicated in the temperature region of most interest to us (500-1200"F).

Additional mathematical exploration of this system will be done in
a future period.
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Fiue20. CALCULATED DEHYDROGENATION OF MCH
BY VAPOR PHASE CATALY'31S
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Table 59. MMH DMfDEMOGEMTION: VAPOR MUASE CATAJ.YSIS

Distance, ft 2.5 5.0 7.5 10.0
Results for pfe " 10"6

Temp.. " 491.0 635.5 946.7 1330.0
Converuion. 67.4 89.9 99.9 100.0
Time. see 0.70 1.19 1.54 1.79

Results for pfc M io-a
TeMp, OF 947.9 1125.2 1330.9 1565.6
Conversion, 38.0 57.5 73.7 86.2
Time, sea 0.72 1.18 1.52 1.77

Results for pfr 0  10-10
Temlp, O F 1340.2 1625.2 1882.8 2125-i
Conversion, 3 0 8.8 15.1 21.4
Time, sea 0.98 1.71 2.27 2.71

Results for -fo " 0.0
(no catalyst)

TeW, OF 1371.8 1695.7 1986.5 2252.7
Tim.e see 1.01 1.85 2.57 3.21

Thesial Stabilitl

Tube Depos•t Ratine Methods

With the objective of providing a piece of equipment which would
coobina a standardized test of fuwl thermal stability and also of catalyst
activity, the Catalyst and Fuel Stability Test Rig (CAFSmR) wae designed and
built last year. However, the CAFSTR heat exchangers were of similar cou-

-truction to the standard ASTM-CRC cokvr preheater, and the assessment of fuel
stability depended upon visual deposit evaluations. In conventional coker
tests, these ratings are made under standard lighting conditions, by compari-
son with standard color code panels. While this system L.as servod acceptably
for the go, no-go type quality specifications of caeroial and military jet
fuels, it is basically unsatisfactory for resear--h and development purposes
because of the subjective nature of the judgment which must be rendered and
the different shades of color that can be assumed by similar amounts of
deposits. Mormover, in non-coker tube type heat transfer studies, Burggraf
and Sh"yesn••4) observed that the vurface color bore no relation to loss in
beat transfer Coefficient.

Even vIthin its intended sccpe of application# the coker's poor
test repeatability has required refineries to produce fuels substantially
wore stable than the minimum required by the specifications; and burgeoning
jet fuel demands have recently brought the need for a more quantitative fuel
stability test into sharp focus.

Our own studies in the CAFSm, where high temneratures ruled out
the use of aluminum tubes, have been hampered by the development of colors of
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the tube metals themselves. Inconel 600, the alloy chosen for the construe-
tion of the CAFST1 heat exchanger tubes, changeA color when heated, even In
the presence of helium. Similar experience has been encountered with stain- I,
leas steel. These colors are presumed due to surface oxidation of the astal
at high temperatures, even when only trace amounts of oxygen are present.

In recognition of these critical tube deposit rating problems, we
have been exploring several different methods of quantitative measurement,
which include the following: 1) direct heat transfer coefficient; 2) combus-
tion and absorp-rion; 3) radiative; 4) infrared; 5) solvent dissOlution-
gravimetric; 6) electron microRraphy. This will be discussed separatelv.

Direct Heat Transfer Coefficient Measurements

The idea of using this as a quantitative metlhod of deposit evalua-
tion arose from the fact that fuel deposits can reduce overall heat transfer
coefficients.

Calculations based on Zengel's42) published experimental results on
the effect of deposits on heat transfer, and also on the estimated precision
with which the limiting variables could be either controlled or measured, led
to the conclusion that deposists as thin as 0.0001 inches (0.1 all) shouM be
detectable. Ti"s deposit level corresponds to a coker code rating of about
2, assuming considerable coverage of the surface.

Initially, a low temperature heat exchanger method, L-volving a
stirred calorimeter, was developed. The test utilized an actual CAFSTR heat
exchanger tube and heating element, which together with a cooling coil was
inmersed in the calorimeter. Heat transfer measurements were made when the
calorlimeter liquid temperature had reached a steady state. Actually, the wall
to liquid temperature differential was monitored, using a Leedu/NortbnaP
potentiometer, capable of reading to 1 x 104 my (ca 0.004 'F).

Control of the voltage, cocling water, and temperature variables
was recognized as of utmost importance. Voltage control to within ±1/20 volt
at 110-120 volts was achieved by the use of a Superior Electrii Company model
VE89101 Stabiline Voltage Regulator. This instrument was used both to supply
power to the CAFSTR tube and to the cooling water pump. Cooling water was
suvplied from a modit'ed Colora Ultra-Thermostat constant temperature bath,
anm the bulk temperature was controllable to ._0.08*F at 90-95"F. The water
pimping rate was about 2200 ml/min.

Although the bulk liquid temperatures could be held acceptably
constant, difficulty was experienced with transient local temperatures in the
stirred calorimeter, which eventually led to the abandonment of the calori-
meter in favor of an annular heat exchanger arrangement.

In all expcrimental set-ups, comparisons were made of the AT (wall
to liquid) for the initially clean tube and for the same tube after spray
coating with (usually) 0.1 to 0.2 mil of acrylic lacquer. Our experience ban
been that this method, because of experimental error limits, is not suffi-
ciently sensitive for the rating of deposits up to about the ASTM Code 4
level, but might be used for heavy deposits.
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However, It is not at all certain that failu-- I-ct the light
deposits is entirely due to difficulty in maintaining adequascely constant
heat f love. There exist uncertainties an to the theoretical e^fects of low
level deposits on the actual hoat transfer phenomnena, atid theae effects are
dependent upon the actual machanimn of de-~,nsit buildup. For example, if the
deposit is not laid down an a ooherelut ins, but as ncattered particles, the
increased surfar- roughnmes could cause greater -turbulence near the surface.
Thu, Sberriff"o hausbsown that as surface roughness increases, the reat
transfer coefficient also increases until the heights of the roughneases
reach the thickness of the laminar nublayer. The opposing effects or low
deposit thermal conductivity and increased surface turbulence can have a wide
range of not results in the overall heat transfer coefficient, thus destroy-.
in~g the usefulanes of direct heat transfer zwasurements as a light-deposit
rating technique. However, thick doposits, which form c.2ierent layers, would
reduce the heat transfer coefficient, and hence this technique would find
ayplication under such conditions; or, if test periods were protracted, beat
transfer could be used as the basis for thermal stability rating. The signi-
ficant philosophical question as to wihether light or heavy deposits would
better reflect the true performance of a fuel in a jet engine could be
answered only via correlation studies which are beyond the scope of the
present consideration.

Camnlete Combustion of Tube Dcposita

A method involving complete combustion of the deposits to CO02 and
HaO has been devised and tested. On paper,, combustion offers one of the best
means of rating tube deposits, hiiving the advantage of being nearly 100 times
as senai~ive as the direct heat transfer coefficient method. By this method
it In p;suible to detect deposits on a l3-inchp 5/8"1 diameter tube as thin as
0.001 mil uniform thickness. Since a tube code rating of 0.5 is estimated to
correspond to a deposit thickness of 0.025 mil., arq visible deposit should be
rutable byr this technique.

A schematic diagram for the comubustion tube rater is shown in
Fiure21. Oxygen (or air), predried and purified of an~y indigenous C02, is
passed through the annular combustor with the CAFSTR preheater tube compris-
ing the heating element. Products of the deposit combustion are trapped in
suitable weighing bottles, as shown, the CO having been converted to CD2 by
passage over hot cupric oxide. 002 and H2a0 ame determined gravimetrioally
and back calculated to determine the total deposit weight end the coefficients
in the deposit formula, Cxiy. Sulfur, if present is picked up In the WuO
furnace as CuS 4, while nitrogeni is trapped in the Asicarite weighing tube as
)0O3. However, the pire hydrocarbons which we are testing are probably too
low in ulfur or nitrogen to cause seriou~s error from this source.* In oases
of high S content fuels, the S content of the deposit could be determined by
Masing H12 through the CuO tube at high temperature and converting the CUS0 4

to H2S which could be trapped in caustic and titrated or otherwise determined.

On initial startup, the "clean" apparatus required several days
operation at 1000*F %e~th gas flowing to reach a steady "zero" base line, i.e.,
a condition where no GO_, or water were being absorbed in the weighing tubes
uhe.'t deposits were knouin to be Ebsent. This was undoubtedly du6 to oil
adsorbe%.' on the surface -)f the apparatus and to surface carbon. Cylinders of
water ptaped 02 end 142 arm used instead of hoaxse service gas supplies to
avoid Latroducing C02, C0, oil fog or other contaninants.

-9"- 
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Following the break-in per'iod, several runs were inde on artifiolal
deposits cool•8ing weigbed samples of polrstyrene. Details of these toots
am tabulated in Table 40. Also tabulated are the average deposit thickneeoss
of then "depcsits,'p _tAlculated as If they were uniformly speed over the
surface of a 13-in. l.t.gth, 5/8-in. OD tube. Of course# in actual CAFSTR and
Coker tests, the deposits are far from uniform, and the maxuim looal deposit
thicknesses may be 2 or 3 times the average thicknesses. The code ratings
listed in the table were estimated baeo on comparative data fro Coker and
Htinex Heat Urnhanger tests by Zengel.4a) While the assumed occwewpondnoe
between these two tests may be poor, the beat exchanger deposits do offer an
approach to estimation of deposit thickness at various code ratings. Assuming
a livear oorrelation, the average deposit level for a 1.0 *cde rating would be
about 0.05 ail.

Certain drawbacks exist for the combuution method, boeyer. First,
as noted, a temperature of 1000F or more ts required to burn ofT the deposits.
Aluminum and most of its allty*; are izmedia~ely eliminated, therefore. Inconel
Allay 600, (ca T2% M) of which the beat exabanger tubes for the CAPSIR are
constructed, ts somewhat oxidized at 10000F; strongly at flOO'F. Stainless
steel also oxidire., at these temperatures. MAUle these metals can be cleaned
and polished, or V•rhaps even rused without polishing, the possible effect of
surface metallurgical changes on test repeatability would have to be explored.
After several hours at high temperature, pearticularly at 1lOOF, the Inocnal
tubes develop a pronouneed cellular grain structure visible to the naked ee.
This cellular appearance disappears when the tube ij polished, bhever.

Table 40. COBMIM TUE RATER REULIT ON POLYSTYRME "DEVOSiTS"

Tube Gas Deposit -btimtedb) -epoht o
wan Average & Coker eigt o
Temp, Flow, Composition, Recovereda*F ml/min '# 02 Wt, g T'hickness~ml ... Code Rating Reoere'; oriOg.

F~~ ~~~ m ______til ig
1000 350 77 0.038 .083 1.0 104
1000 250 28 .44 .o34 0.5 96
1000 250 28 O.o0o4 .010 0 1.07
1000 250 46 0.0105 .025 0.5 104
1100 250 46 0.0142 .034 0.5 100
i000 200 48 0.0365 .087 1,5 69
aT ,culaWed from U0 + i recovVred.
b) Estiunted from data of Zengel.0)
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CO +Y2o02  (:02

Weighing
Bottles

Figure 21. COMBUSTION TUBE RATOR DESIGN
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It. further difficulty was encountered when stainless steel Preheater
tubes of an integral heater/rating-tube conptruction from the Irdco Cok~er were
used. The heater rapidly shorted-out internally causing the circuit f"It to
blow.,1, secondi attempt with a n'ew tube resulted in a similar experience.
Apparently., these~ tubes were n~ot designed to withstazv the 100~-ll00F tempera-
ture la3~el to whIch they were exposed. In our use of them in the Fxdco they
bad probably never exceeded 800"r metal temperature.

'hm~erous runs have been made to establish optimum test conditions,
the trade-off factors being time,, temperature.. oxygen concentratiovi and total.
gas flow, A maximim rating time of 2 hours seemed to be a reaaonable com-
promise. This allows about 1/2 hour hMating-up time and 1-3/4 hours at
oxidation temperature. Experimentation with temperature has ehown 1000"F to
be the practical minimum to obtain deposit buruing. Then, for 1000F and 1-3/4
hours, about TT> 02 at 350 ml/rain total rlow isi required to get complete

L c-ombustion. Extreme3. heavy deposits would require Ptill higher 02 concentra-
tions. At 45 02 and SOO mi/min total flow, for exampe only 69`5 recovery
vas obtained (see Table 40)., although this amount, of oxygen is satisfactory
for lover d.cposit leveiGa.

A further operational problem involves removal of all tracer of
liquid test fluid xrom the -,reheater tube prior to rating. Wo bad pro-
viousl~Y done tbis by rinsing with n-hieptanc and dxrying with nitrogen.
However, the cowbustion tube riter reveals t~ie presence of residual hydrocarbon
whien a clean tube has been rinsed asvi dried in this v~nner. Tents have shown
that at low deposit levels these hydrocarbon residues can Introduce a signifi-
cant error. Present evolved prectice is to rinse the tube tbrea tWaes with
metlylene ohj.oride dry thoroughly with nitrogen, install the tube fin the

* combustor and varm it to 100'?, under 28 In. Hg vacuum for an hour., then start
the iras flow and begin the w.mbustior, proccdure.

* ~A now variant on the burninrg mthod to now beling investigated, In
which the beat Is supplied by an external furnace rather than suing the in-
ternal heating element of the CAF.QTR tube. It In hoped kn this vay to avoid
ovarheating of the he,:ting element aud possibly reduce oxidative attack of

* the surface metal. To this time, howsver, the background level of carbon,
apparently arising from the furnace itself, has rct been red-sc"d to a satis-
factory level.

The possibility of substituting OW for the gravizaetric procedure
* and usIfg a Usaer as a beat source to also being considored.

Radiative Methods

Two methods of radiative deposit rating have beta oonaiered.
First Is that of direct beta radiation absorption by the deposit layer. mhle

* ~cculd be acccmlaiabed by impregnating the tube surac with a readioactive
isotope such as Ni53, but beoause of the possibility of catalytic effects on
fuel deposition tendency, it would be preferable not to treat the tube surface
itself. However, the direct radiation absorption tvchniqoe does offer advani-
tages in simplicity of application and should be explored.

A necond approach to tie radialtive teoha-ique is that of A.-.riatirnn
back scattering, using an external source. This method has the advantsge of
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noncontamination or the tube surface, but the disadvantage of greater compli-
cations in imPleantation. Eithe Ni3 or 535 would seem to be good f-ray
sourcees fr this purpoe.

Radeation uatamng has the general advantage of being nondestructive
to the depooift Thus it w 1o2.t be possible to obtain w omperable color codef s
dombustiot weight, and vawisot ion re eoter ratings on the lsame tute. The
radiation tethed also ofthers soe offintared, being harmless to the tube metal
"in hence o ould not oluence the life of the tube. It is believed that either
m•thod would be napable of detecting a 0.001 mil average film thickneses, which

ins bedo t. risible detection level bet leon sensitive than the corabustion
method. It be planned to h c" the entire tube surface and to obtain an
interfated radiation count retlecting the total deposits.

reqiared

Some thought has also been given to the development of d n infrared
•e•od of tube rating, an the asumrtios that it would re.ister the effects of
deposits prearat fiteout reflectilng drsluencs of surpace fil structure. The
afrst attempts at utilizing this idea have beeai discouragtes th•ever. Using
the tube itseld as the meoaie of infrared, photographs were tae of the tube
in a totelsy darkened room. Althoeh a fast infrared typoe c1 Polaroid film
wos uled.r minitu otnditiefs for the detectio of even o trae tbo radiation
were 3 minutes eaT~tjure at 600*F tvt.c surface tec~erature. This was for a

stationary tube. Tf the tube were potatedf. as planned to photgrapd tde enire
tube e turfacests. a expoosa tite. flpoopertime or fhigher temperature pould be
required,.

avi gWoF oc be too haeh a temperatur e to avoid detrimental deposit
chAnges. Other problems are numer",. The temperature Is far fro uniform

becauose of and effects. Optical density of the photographic iurge ean be
paffected toa the ensintriaity of the tube axis an it is rotated inpo he chucke
and the shupe drive mclangsm itself must be ultra sooth since the camera
shueter is open constantly di ing the rotation. The power cord and therbo-
couple viret iot not interfere with the ae rotation of the tube, and the
power inUt mmst be precisely repeatable for both the clean tube and deposit
moated t oube tests. Eposiure tcmeso film preopertied , film developingit pocedtt es,
socution ctrenothsb and camera setups rmos be duplid ated eo.,urately.

Having once achieved adequate control of. the variabless, the ;recision

of opthial debity measurbeylent must be achieved, which ho course, t e have not
•,%been in a position to do. Some means are available for improving the

photographic sensitivity of the method.. such as spneoial film processing, use of
'-- higher speed fiAlm,, longer exposure ticks& or ider alit openin& reduction of

the image asoe by changing the foctl distance, and use of & Captor lease; but
-- whother theso char~jas will acoomplibh the desired sensitivity la not known.

The mthod in obviously sJtill very irch in a rudimentorý- stages

Solvent Deposit Mi~val

Coker tube deposits cannot b3 recovered mechanically without the
occurrence of tube damage and metal removl. It wold therefore be desirable
it this could be done by solvent washing. The deposits could then be rocovored

from the solvent and determined gravimetrically or by other means. Previously
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we had tried deposit removal using readily available laborator7 solvents.
This was done simply by wiping with a cloth dampened with the solvent at roo
temperature, but all such attempts were totally unsuccessful.

Since our own and the reported experience of others indicated that
coker deposits of the hard, tenacious type would not be easily removed with
solvents, we decided the solvent would have to be hot if it were to werk at
all. The deposits could then be determined by steam Jet or aicrogem tech-
niques.

Our experimental apparatus consists of a coker-type annular beat
exchanger in which the inner coker tube Is the heat source. Approximately
50 ml of test solvent i.s required to fill the annular apaoe, and after filling,
the device ts sealed, with as little air as possible occluded. A stainleas
steel type pressure gage is attached, and pressure readings are taken tbrough-
out the period of the test. Arbivrarily, a temperature of 1O00C was usually
chosen as the maximum temperature and 3O0 psi as the maximum allowable pressure
for the firse. srles of runs.

Deposits were formod frco either Decalin or Jet fuel in an Erdoo
Coker and ware of a hard, nonwipeable tope, usually obtained at temperatures
above the break point.

The experimental approach has been to select a synthetic resin
structure resgmbling the presumed deposit struicture (as deduced from the
literature)45)4c) as closely as possible Tbep4,f published solubility
parameter data on resins and solveaits,47)4)f) * )s e have selected candidate
solvents.

Results to date are tabulated In Table 41. Although the objective
has not been accompliahed, eome interesting results were observed.

Most pronounced in its action was dimet)ylfcrmmide. Rewevr,
dissolution vas not complete and in most cases there was still a small amount
of deposit left; deposits removef were not entirely dissolved but saw were
merely loosened. We did find, however, that a second solvent treatment on
the same tube would complete the deposit removal. A few more severe (192*C)
and lengthy (2 hr) treatments removed more of the deposits but still left a
few dark spots.

Under the conditions selected, none of the other solvents tested
were effective in deposit removal to the extent that a recognizalbe Improve-
ment in deposit color code rating could be observed. However, several of tho
solvents beosme darl.ened in color, suggesting that awe deposits might have
been removed. Where this discoloration was observed, the temperatures were
generally rot high enough to have caused solvent decomposition or oxidation,
unless strong catalytic effects existed.

Although M. W. Shayeson'3) of Oeneral Electric Company has reported
that morpholine has been found to be effective in deposit removal under
conditions, we did not find it so under the conditions of our tests.

Moreover, morpholine, in our tests, appeared to have the effect of
a "developer" on the deposit appearance, i.e., to cause them to look darker,
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Tmble 141. SOIVENJT DEMXSIT MOMINA TE.STS,

rO-54 wl aolvant surrounding a coker t1ibe

• en T ireas.. ?•, Tube Rat*1Solen TIp Pes.9 TW. .h:L] Comonts
c Yl h efore After

Diathyl aulflside 100 10 t 3.5 3.3 No efoect
lrcrone 100 16 1 3.3 3.6 NU eOtrrot

M,)rliholM.n 100 2'1 1 4+ 7.4 Darker

ipor ldine 100 61 1 3.6 3.5 Mo effect
2-Nitropropane 90 200 a) 1 3.5 4.5 Darker
Diacetone aloohol 100 22 1 3.5 3.5 0o eaffect
AMI acetate 100 25 1 3.5 3.5 No effect
Propyl alcohol 100 102 1 3.5 3.5 No effect
sec-buty1 alcohol 100 200 1 3.5 3.5 No effect
Nethylens chloride 90 198 1 3.5 3.6 No effeot
Acetone 100 180 1 3.5 3.5 No effect

Nethyl ethyl ketone s0 200 1 3.6 3.5 No effect

Toluene 100 190 1 J.5 3.5 No effect
fteon-11 90 200 1 3.5 3.5 No effect
Nealtyl oxIde 100 3 1-3/4 3.5 3.6 No effect
Tetrahydrofuran (T)P) 100 170 1 3.5 3.6+ 3l•htly darker
tIeiylene glycol discetate 60 190 1 3.5 4.5 Darker
N.N-Dlnethyl formealde 100 32 3/4 3.5 3.5 latches rerained;
(DHF) most areas removed
DiO 100 26 1 3.5 0 second consacutlve

treatment

DM1 100 28 1 4.0 1 Mostly removed

S100 25 2 1 0 Second consecutive
treatmentLao 142 180 2 4.0 3.0 Much cleaner overall

1/3 DM7 + 2/3 TOl g0 190 1 3.5 3.5 No ef[ect
1/2 DMF + 1/2 morphol"ne 100 90 1 4.0 7.6 Much darkerIShell iolutlserb) 100 26 1 2 3.5 Darker
sulfalane I a100 6 1 25 Poss ible slirht

i I I _I Iprovement

a) Pressure tnroeled during run suegesting occurrence of decomposition.
b) 6 a! KH0, 3.1 N XLO.

I -100'-



AFaP-R.-67-hlih
Part I

without (we think) actually being of greater mass. The morpholine itsulf also
turned dark. We have not tried this experiment without the deposit or metal
environment to see if similar darkening of the solvent occurs. A mixture of
half DF and half morpholine appeared to have the same effect as morpholine
itself.

Other solvents, such so 2-nitropropane, bexyleneglycol diacetate,
tetrahydrofuran, and Shell K-2 Solutizer Solution (6.0 N KOH, 3.1 N K iso-
butyrate), also had this sene apparent developing effect upon tube deposit
color. The very fact that the depcsits can thus be made to eppear darker
is further evidence of the inadequacy of the color code rating techniqne since
different fuels miCht also vary in this property.

A further interest in solvent deposit removal is in the possible
disclosure of chemical structural information about a deposit from solvent
selectivity. Consequently, solvwnto selected for testin& have covered a wide
range of solubility parameters. 47)e4) 450)

This effort is still being continued with respect to solvent
selection, and vill also be partially repeated with respect to higher test
temperatures arn longer exposure times for promising solvents.

El.t. in Micrography

The possible use of electron microscopy for tube deposit rating is
being considere4, though the current intent is to merely "take a look" to see
what the observations may sugge t. We are thinking here in terms of deposit
structure, and perhaps there is a chance for quantitative measurements as
well.

We haven't yet looke. at tube deposits, but Figures 22 and 23 aho
scanning electron micrographe') of stainless steel coker filtezr at low mag-
nif ication. Figuye 2? shows three shots at magnifications of 6ox, IOex, and
30Ox of the clean filter. Figure 23 shows the same filter at lOOx, three
different areas, after running SHELDYNE at 6 lb/hr and 675*F. All that can
be seen by comparing these two series of photographs is how completely the
filter has become plugged with debris. However, we are nov preparing to re-
peat this comparison at about 20,OOOx, with the hopes of seeing the micro-
structure of the deposit layer on the stainless steel filter particles. We
then plan to take the same sort of photographs of same sawed-up sections of
a coker tube which has been previously rated on the standard Tuberator scale.

A chief disadvantage of this approach as a routine method would be
its inconvenience. Also, the tube would have to be destroyed, since sections
of only about 1/2 inch maxlmw length can be observed. The cost would be a
futher deterrent. This arises not only from the cost of the electron micro-
scope itself, %,ut also from the laboratory preparation of the sirfaces which
must be made; i.e., an evaporative coating of about 75 A gold is applied at a
30* angle while the sample is being rotated. Total coct would be about 35
dollars per photograph, which must be multiplied times the number of shots
necessary to describe the entire tube.

a) The, electron microscopy was done by R. G. Meisenhelmer.
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&zuna17 of -Depvout Rating Methods

A comparison of the ASTM color code, heat transfer coefficient,
oomburtion, radiation, and solvent deposit removal tube rating methods hau
been compiled in Table 42. Insufficient information is available to estimate
detection levels for the infrared method.

By way of sumary, it can be suen that the combustion and solvent
removal techniques offer the greatest sensitivity. However, the combuntion
method suffers by reason of harmful tube metal effects, while the solvent
method depends upon findir. a suitable solvent or reactant. Beta-radiation
detection ranks uext in sensitivity, but the details of this approach have
yet to be worked out. The meanurement of heat transfer coefficients provides
a sufficiently sensitive method on paper, but has not proved catisfactory
experimentally. Further investigation will be necessary to select the most
favorable of these methods.

Table 2. ESTIMTET mImIVM Dri•TTIoH Lrms FR FIVE
DUMhlmr C0OR -M ( TtWT-MaThTUE-

Average Total Approx ASTM

Rating Me Deposit Color Codt.
Rating_______d Th il Ueight, mg Equivalentwl

LM Color Code 0.02 10 0.5

Heat Transfer 0.03 O3 0.5
Coefficioent

Combustion 0.00=4 0.15 0

Beta-Radiation 0.001 0.5 0

Solvent Deposit O. 0OO 0.15 0S~ Removal

a) The maximum lZirsti thicnass is probat 3-5 times
the average thicknees.

b) Based on average thickness of deposit.

Overall the combustion and radiative methods appear most pronising,
&Wd at the present time most of our effort Is directed toward the combustion

method. We will also In the near future evaluate a method utilizing an P2
ring burner or a laser as the source of omnbustion, with the expectation that
this will be more rapid and less destructive to the tube, and pasrticularly,
to the tube heater. The possibilities of utilizing other methods of measure-
ment, involving I, x-ray, and dielectric properties are being studied. The
success of the CAFSTR and of future coker-type testing depends upon the solu-
tion to this problem.
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Modification of the SD Coker; SD/M-T

The SD Coker, as originally designed,1)52) operated on a fuel re-
cycle schemu and utilized a glass double reservoir to minaure the fuel flow
during recycle operation. This device was chosen to avoid the calibrations
required with rotamwters when using experimental fuels with a wide range of
densities. A description of the operation of this double reservoir device
has been given previously.5-)

Although the current system has been simple to operate, and astis-
factorily accurate, there have been two notable defects. First, the glass
reservoir and joints were subject to occasional breakage; asv4 there was always
the safety hazard that failure of tre Grove prescure regulator might release
full system pressure into the reservoirs and explode them.

A second prob]em had more to do with the iuadequacy of the Zenith
pump used than with the glens reservoir system iteelf. Particularly with
lower viscosity Picls such as methylcyclohexanc, pump wear has been both
severe and variable. Generally, the higýer the pressure developed the greater
the pump wear, but this 4iffered vith individual pumps.

However, since the mating parts are machined to a tolerance of about
0.0002 in. the Zenith pump ia a satisfactory metering device. Only when
producing high pressures with low viscosity fluids does scuffing difficulty
develop.

In our CAFSTRa) and in the modified Erdco Coker we have gone to a
gas pressurx drive, which is a good system, but wt readily applicable to
recycle operation (which we favor because of the often limited availability
of experimental fuels).

We he'r now modified the SD coker to eliminate the glass reservoirs.
The revised system, shown in Figure 2h it, designated M-7.

In this arrangemlent. the d/p cell, besides readirg pressure drop
across the filter, serves as a fuel reservoir and sparge for equilibration
with the pressurizing gas. The pump serves only to meter the fuel and recir-
culate it. Since the pump is of a volumetric displacement type, the flow
rate is determined with an electronic counter which reads in tenths of rpm
the rotation of the pump drive gear. Total system pressure is supplied by
the sparge gas, sperging action being maintained by a slight imbalance in the
settings of the oparge gas Aupply and systcm pressure regulator settings. The
sight glass permits instant visual observation of the sparging rate and also
doubles as a surge. The sparging rate can be observed at the Grove regulator
gas discharge tube, where a simple bubble flow meter Is used to ýpiantitatively
measure the sparge gas rate. A standard rate of 100 mi/min has been found

S.tlsatiactory.

Since the entlie fuel system is under pressure, it in necessary to
replenish the onxgen reacted in the hot test zones by using a sparge gas of
the proper 02 partial pressure. Because of the effect of pressure on 02
solubility, the required percentage of 02 in the sparge gas is less than for

a- Catalyst and Fuel System Test Rig.
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atmoesphrio equilibration, and varies with the pressure. For example, to
j•cvide (uml 'which would 1e oxygen saturated at 1 atmosphere requires equili-
bra' ion with sparge gas containing about 1.87$ 0 2 at 150 rsiS.

Similarly, if a low dissolved olygen coLcentratlon is dusired, the
mnfnituda of the total pressure imposes limitations on the mfnnim- levols
attainable. In Table 4 the equilibrium dissolved 02 in shown versus pressure
for 1 pya orgen concentration in the sparge gas. These values were calou-
lated from 0stwald Cocffioients for a petrolevm fraction of 0.78 specific
gravity at 60"Fs°) and demonstrate the lower 02 limits vhich mayi be erpected.
The restrlctions will not be serious, however, since even 30 ppb oxygen is
difficult to measure experimentally.

Thb' 4ý. M'V'FT OF TOMA 'MFLMUE ON MRSZOLVFM OXYGNI
co•(:.iI iLATAO;J IN A-22j-' )FIC G."-IO AVI.YUII,,ROCARIM14

WITH A14 EQUILIiM-ATING GA3 CO:%NiAN10 I PP-M

To+A. Pressure. 2sl Dissolved 0, Parts Per Billion
150 5
250 8

600 18
1000 30

Although we intend to eventually operate the SD coker at 1000 psi
prssure, operation to date has not exceeded 600 psi. Suprisingly, even at
o0 pai premsure a small amount of leakage occurs between the plates of the

Zenith pXp, though these pumpO are specified by the -mauacturer for use atp•remssures s, boy 1000 psei (but with viscous fluids). Appantl, the phencm-

enon is related to the high pressure on both inlet and outlet sides of the
pp, since leakage was never a problem Z the pump itself was developing
th seystem pressure awd the inlet side was near atmosphcric. Thus leakage
could give trouble at higher pressures. It may be possible to control this
by using additional bolts or elalps.

Despite these problem&, the new recycle arrangement has been fournd
to operate quite satisfactorily. The pump operates almovt without noise which
indicates little a ear Is occurring. ige fuel system requtres 350 ml, and is
filled to a standard arrk on the Jergu.en eight glass at tre start of each
test. This level has not been observed to change during runs. Flow rate
checks are rapidly and simply made during the test using the electronic
c*uinter and have been found constant to ±0.5 percent.

Because of the avoidance of wear debris from the pump, the M-T
coker may have become a somewhat less severe test than it was previously.

Effect of Metal Environment on Decalin Thermal Stability

The presence of trace metals his long been recognized as a deter-
rent to good thermal stability of liquid hydrocarbon fuels. Such trace metals
are always present# deriving from the construction materials of fuel system
components. We have found, for example, that variations in year rates of the

SD Coker Zenith pump can cause differences in tube deposit ratings, though
this could be due in part to the presence of metal in the deposit.45)
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Sinos. trace metals are known to differ in their influence on fuel
stability,30"40) it was decided to investigate the effects on the thermal
stability of Decalin of Some o~r the more commonly encountered metala, using
the SD/M-7 Fuel Coker.

The Decalin used in these tests was prepurified by percolation
through a silica gel column. Prior to the test, the Decalin was put on a
laboratory shaker for a minimum of 7 hours with the chosen metal in a powd.ued
state (ca 3 grams/liter). The powdored uetal was then riltered out, using a
o.45 mdoron Milliporo Filter, and the Decelin introduced directly into the
coker. Although some taste were tried e".•h only this pre-equilibration, the
general procedure was to attempt constant re-equilibratirm by recireulation of
the fuel through a coarser bed of tho test metal throughout the test. A sub-
sequent test was then conducted under identical conditions with about 240 ppm
of the metal deactivator (MDA), N,N'-disalicylidene-l,2-propanediamine, added
after filtering.

An unfortunate circumstance in the present tests is that the coker
fuel system, .3xcept for the aluminum prebeater tube, is 316 stainless steel
throughout, thuR providing a constant background of contamination with those
elements present in the stainless steel. From the typical analysis of 316
stainless shown in Table 45, the large amounts of Cr, Ni, and Fe are particu-
larly to be noted, since these are arong the metals under present investigation.

The complete list of metal environments investigated includes Fe, Cu,
Ni, Cr, Zn, Pb, and additional stainless steel. All runs were at 150 paig and
most were at 600'F. Preliminary results are tabulated in Table 44.

Most deleterious to Decalin thermal stability ratings were copper
and iron. At 6D00F both caused increases of 3 code numbers in tube ratings.
One difference noted betweer the two metals was that copper caused a signifi-
cant increase in filter plugging (11.5 "Hg compared to 2.1" without copper).
Iron caused no filter plugging at all. The introduction of MID with each metal
resotred the tube ratings to the "neat" Decalin stability lovel (CuA/A, 3.5/
17; Fe/MDA, 3/11; metal free, 3/22). MDA also eliminated the filter plugging
observed with copper (Cu, 11.5"; CuAIDA, 1.5" Hg). At 60ooF, then, MDA nulli-
fies all of the deleterious effects of dissolved copper or iron. When iron
was run by pre-equilibration alone (no re-equilibration bed in the flow stream),
the ratings were essentially the same as for Decalin alone (Fe, 3/16, 0",
Fe-free, 3/22, 2.6" Hg). Cu was the only metal having a significant influence
on filter pressure drop.

Chromium also had a small adverse effect on Decalin ratings (Cr,
4/h3, 0.8" Hg; Cr-free, 3/23, 2.1" Hg), which was not significantly improved
by the addition of MDA.

The presence of nickel had no appreciable effect, although the
improvement due to MDA addition which was observed without nickel was not
found with nickel (Ni-free/MDA, 2/12.5; NIAM4A, 3/14.5;). Since the coker
flow system is constructed of stainless steel, as previously mentioned, we
suspect the true harm contributed by Cr and Ni may be greater than that shown
by these tests.
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Thble 44. EFFECTS OF m1TAI, rmmVhofl TS ON ' mm STADLIT! OP
DCALIN R-139) WITH AND WIThOUT METAL DEACTIVA3 DA)1

4

Meta Metal M)A Tube, Filter,
Coker Tempo Pre- Re- Added, Preheater, Max/ wo
Thi _. ei e_ g/jlter Watts Total "H

285, 2t66, 32)4
315,316,.346 600 - - 508 3 A2 2.1
255, 262
263,263B 625 " - 620 /23 0.0

284 650 - - 686 1.5/26 2.9

320 6T5 - 674 5 /28 o.2.
28T 600 - - o.0o46 500 3 /15 0.0

295 600 - - 0.214 505 2 /12.5 0.8

294 625 - - 0.214 632 4.5/20.5 O.T

293 - - 0.214 728 8 /20.5 0.4
288 6oo Fe - - 499 3 /16 0.0

303 60o re Fe - 499 6 /43 0.0
o04 6oo re re 0.214 499 3 /311 0.0

290 60o cu Cu - 503 6 /A 1 .5

291 600 Cu Ou 0.214 505 M.T/17
527, 33 600 Ni Ni . 1499 3 /T 0.0

317, 33! 600 Ni Ni 0.2114 490 3 /i1.5 0.0
308 600 Cr Cr - 505 4 /33 0.8
310 600 Cr Cr 0.214 505 3.5/24.5 14.8
332 600 3i635 31655 - 1404 2 /14 0.0
331# 321 600 316W5 31655 0.2114 kr4T 2 /i0 2

319, 318o,
292 6oo Z2 zn 0.2114 505 1.5/10 1.5
330 60o zn zn - 46 2 /12.5 0.2

313, •.•5 625 Zn zn 10 3 //23 .
296,501,302,
311,M 625 Zn zn 0.21l 634 3 /18 0.6
297 625 Zn - 0.214 622 /17.5 0.3
337 6oo Pb Pb 0.214 504 2 /17 0.0

338 6oo Pb Pb - 498 2 /7 0.0
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Table ý. CHEMICAL ANALTSIS
OF__1b STANILqS bTE:-L

Mement

C 0.10
Mr, 2.0
Cr 16-18
Ni 10-14
Si 1,O

Mo, 3.0
Fe 62-28

In view of the results for Ni and Cr, hcwever, the data with added
316 stainless were surprising, since the tube ratings were improved (no added
stainless, 3/23; stainless added, 2/14). When MDA was added, no f-rther
efTect was found.

Interestingly, at 600XF the presence of Zn and Pb gave similar
improvements in tube ratings to that of 316 SS, which again were not signifi-
cantly altered by the further addition of' M1A. But at 625"F, no indlunce of
Zn occurred.

Further data will be needed to confirm the tentative conclusions
stated here for Ni and Cr. However, the harmiul effects of Fe and Cu, and
the beneficial effects of Zn, Pb, and 316 SS represent deviations which aW
outside the 95 percent oonfidence limits for the determination of Dsoalin
ratings, and are therefore considered reliable. The latter three metals
appear to be removing something from Decalin whi,3h is I'Armful to its thermal
stability, while Fe and Cu appear to behave as oxidatl.on catalysts. The
beneficial effect of MDA in the untreated and in the Cu and Fe treated oases
is also outside the 95 percent oonriden~e limits of the pure Decalin rating,
and is therefore considered real.

When beneficial effects of MDA do occur, such as with copper and
iron, the improvement is probably due to its ehelatinK action, but this must
largely occur during the first few recycles of the SD/M-T Coker, since MDA
itee]f is not stable above about 540F.a) However, the chelates of IDA would
be expected to be stable at higher temperatures, and might theref-jre be ex-
pected to surviv" the 600*F coker exposure temperature. This may explain
why MDY was beneficial without metal additive at 600"F, while at higher
temperatures (i.e., 625-6T5) the instability of the ahelate itself might
contribute to deposit formation. The data of Talse 45 are in harmony with
this hrpothesis.

a) MDA decociposes to phenol ar.d other lower boiling products, du Pont MDA
Bulletin. Its stability would expected to be somewhat greater in dilute
solution.
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Table 4.6. !rFlMT OF KTTAL DFPACTIVATUI

•AIL1YT OF D!,,.'ALI.N

SD•M-7 Cokr
Tube Rat •r.

TOXV, W~ithou". i
*F t'UM

600o /22' 2 /12.5
625 3 /23 4.5/20.5
65o 3.5/26

6T /28 8 /3T

sMiCoker Cleanup Procedure

Because the M-7 Coker operates on a recycle principle, special
precautioas have to be taken to avoid inter-test contazination. Doponits my
be laid down in the cooler and in other cold regions of the flow system,
which are not readily rcmovable by mechanioal techniques such as are used in
the cleamnp of the lpeheater and test filter. Moreover, low temperature
deposits laid down in one run may be partially dissolved by the test fuel of
tho next run, thu remsulting in an experimental rating error and failure to
reproduce results.

To avoid tUis baard, a ney procedure for oleaning the system has
been developd, based upon tests of the effectiveness of various solvents in
reoving depositn. So.Vret effectivenes has be een Judged from both a general
knowledge of component solvency power and by the color of the solvent upon
its rewoval from the squtem.

1gluenca of Solvent Contamination on SD/M-T Coker Ratins

Deipite the extensive care taken in trying to remove all solvent
tro the system following tho solvent wash series, it is ponsible that aol-
vent conUmisation aight result in misleading results. The use of dimethyl-
formamide (DMF) was of particular concern because of its nitrogenous charac-
ter, although it it regarded as a verr chemicall:y stable compound.

To doteraine the effects of such oontaminaticn, EWF and toluene
were run in the coker at 1 percent (v) concentration with Decalin. At 600*F
the ratings ware [, 2.5/10 and toluene, 2.5/l4. No filter plugging ocurred
in either eaoe. This compares with average ratings of 3/23 and 2.6" 1Hg for
identical rune without DMF or tolurene. In other words, neither solvent causes
harm, and may even linrove the thermal stability rating of Decalin (perhaps
due to dapoeit removal fron the preheater and filter due to improved solven-
cy).

We bad also been concerned whether Decalin runs Collowing SHEUDYNE
tests could have possibly suffered from contamination •ith SHELWM. Con-
sequently, a similar test to that with DKF was made with SZLLMDE as
the "ocantamhnant." Results with 1 percent SliEIIDM at 600F were 2.5/19,
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and no rise in filter pressure drop--an almost Idantical rating to that with
DM.

Adlitionul tests of this type will be made with other solvents
which have. been used, i.e., ethyl acetate and acetone.

Thanwl Stabillity of SHLLUYNE and SIIEIDYmE H

Th thermal stability of SEI .,AE, SHIELWYNE H, and Decalin was
obverved in the SDfIM-7 Coker using the recycle mode. The results are given
in Table in. It will be noted that both SHELLDYHE and MELLDYNE H have less
tendency to form tube drposits than Decalin but much greater filter plugging
tendencies. This latter attribute Is probably exaggerated by the recycle
mode uced in the test, since on the average the charge of fuel is recycled
35 times through the heated zons. Even so &LELLYN H is substantially leassprone to form both tube and filter depoaits than the parent material.

A more recent sample of SHEIIDM, although it had an adeorbence
at 357 microns wave length 27 percent greater than the previous sa&ple,
also gave a satisfactory SDM-7 Coker rating (T2.s breakpoint of 600F).
Thus, the thermal stability of the .-MLUME samples received have been
reasonably reproducible from batch to batch, despite differences in color
appearance. The latter SHEDY has now been hydrogen treated for use in the
m- 1-Fm studies.

Thermal Stability of P and W 535 Jet Fuel

A =9-drum sample of P and W 535, * high quality 3P-7 type turbine
Awl, was obtained from Pratt and Whitney West Palm Beach Florida facility
for uee in czarattve tests. This fuel is being used by P a W for most
of the heat transfer testing being done at their Florida location. We hev
now determined the thermal stability of this fuel using the SD/M-T Fuel Test
Rig. The breakpoint temperature, T2 .9, of 600*F van found to be identical
with that of Decalfn. Filter plugging was almost nil (0.15" Hg). The color
o-hange in the fuel was slight, becoming & very light yellow, and low solvent
coloration during the post-run oleanup indicsted a low level of cold zone
deposit formation.
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Table 47. Ci PARISON OF TIMAL STABILITY OF
"S{EU.DYNE ,' "SHLVIryll"-j AIMD ZJ,'CAIXN

5 hr SD/M-7 Coker ratitoo, 6 lb/hr fuel flow rate.
Recycle mode, Ca content equivalent to equilibra-
tion with 1 atmosphere air, 150 psi&.

Fluid Temp, Filter AP,
_________ in.Tube RatpNLr)

S. LLDYNE H 675 13.0 1.5/ 8
TO0 6.8 3 /22.5
725 -4.4 '4 /23

.(690)b•) (1o.o)b) (2.5/20)b)

SHELWMN 575 53 0-5/ 3
"a cao 179 e.5/t4.5

""650o ca 3o5 6 /36

"a675 da 2. 1.5/10 (c7 esr)d)
,(610)b) (14•1)b) (2.5i/18)b)

r-ii3d) 600 0 ,5a1 16.5
F-13:90) 600 0 3-0/20O.3

'6 0 0 0 3 .-0 15l
(600)b) (O)b) (3.OI15)b)

b) Interpo"-ated tube ra'tingl breakpoint, assmied 'to b
at code 2.5#and corresponding pressure drop.

c) Test terminated because of rapid increase in filter
pre ssoare drop.

d) Analyuis: 21.5 tran , T4.5 cis, 0.4 itetrlin.

eýAnalysis: 33.5 tream, 65.5 cis, 0.8 tetralin.
' Filter temperature * fluid temperature.
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Funl Syntem rijlatton Tent Rig

The Fuel System Sinrulation Test Rig (FSSTR) hue been described in
detall in the ohT annual reports asocciated .'ith the preceding contract on
thia uubject, 2)•) therefore no description ri *..vi unit will be included
here. However, a flew scheme is repeated an Fgr J for converience.

During the past year the following studies have been wonductcd in
the FSSTR:

(1) Catalytic dehyur• oenation of MCH over UOP-R8 iz. a 0.2T7" ID x

2-ft long reactor sectior..

(2) Heat transfer to MCH in the empty 2-ft reactor section.

(3) Heat transfer to MCH, water and Na in 0.0265" ID x 4" and 6"
long heat exchange sections.

(The last two items are part. of a continuing cooling study program.)

Catalc Dehydrogenation of MCH Over UOP-P8

A description of the reactor used in these tests as well as a
report of the initial test serieq was included in t"e immediately preceding
Annual Report on this project.•) For convenience, the description is repeated
hern and the results of the first test are incorporated with the remainder of
the data.

0.2TT" ID x 2-ft Long Reactor

In order to permit investigation of heat flux conditions closer to
those which might be encountered in combustion chamber cooling, a short
reactor section was constructed and installed in the FSSTR in place of the
usual 10-ft reactor section III. This reactor, a sketch of which is shown in
Fiure 26, wan made up of a 2-ft section of 3/8 in. OD x 0.049 in. wall
HastIlloy C tube welded to Ni bus bars. Compression type fittings (3/8 in.)
provide inlet and outlet connections, and 1/16 in. fittings are used as
glands for inlet and outlet fluid temperature thermocouples. A 1/16 in.
fitting was also provided in the exit end bus bar for sample withdrawal. Tube
wall (external) temperatures were measured at six locations by thermocouples
spot welded to the reactor tube. The two load wires from each Junction
(insulated from direct contact with the tube by ceramic cement) were wrapped
1/2 turn each in opposite directions arourd the tube and then passed through
ceramic insulating tubes to po4.nts far from the high temperature area.

The 10-ft reactor sections normally used in the FSSTR use 1/16 in.
OD, insulated Junction, sheathed thermocouples welded to the tube wall for
monitoring wall temperatures. The 2-ft reactor section made for this study
was originally constructed in the same manner. During preliminary heating of
the reactor with N2 flow through the tube it became evident that, without a
compensating heat tube surrounding the reactor, as is used around the 10-ft
sections, heat leaks along the thermocouple sheaths were causing errors in
temperature measurement. The use of unsheather 30-gage (0.010 in.) thermo-

- u - !
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couples spot w•ded directly to the reactor wus t'.cd wid proved satisfactory.
A cowiparison of recorded tep.eraturcs cbtained at the same time from the two
types of cuuples is shown in Fi ure" 2. The bare wire couples were used for
all MCH test runs on the 2-f reactor. Using this type of couple results
in electrically hot lead wires and appropriate safety precautions had to be
takcn.

The electrical resistance of this reactor section is about 0.025
o•ms. With the power supply presently in use, a maximtm heat flux of ca
590,000 Btu/(hr , ft 2 ) can be reached without exceeding the 1000 ampere
rating of the transformer secondary.

A measurement of heat losses from the reactor has been mad by
passing heated N2 through the tube and recording the fluid temperature
entering and leaving and the tube wall temperature profile. With the
assumption that the tube wall temperature profile is parallel to the average
N2 temperature profile, an extrapolation of a straight line through the Wal
temperature pointnsto the 0 in. and 24 in. linits (disregarding the points
1/2 in. from either end which were apparently tnfluenced by heat leak to the
bus bars) yields the N2 temperature drop along the reactor tube proper.

Subtracting this loss from the total loss (determined from overall
fluid temperature drop corrected for any power input) gives the heat loss to
the two bus bare. Equal loss to each bus bar has been assumed. The heat
losses so determined are shown as the solid points in Figure 28. Note that
the "tube" losses agree with those determined later with 7&e fzbe empty but
that the "end" losbes are higher than the empty tube values. This Is because
the outside tube wall temperature determines the heat loss from the tubc and
it is the outside wall temperatures which are measured, while in the case of
the bus bar losses, the temperature used is that of the fluid passinC
through the opening in the bus bar and heat flux to the bus, depends not
only on this temperature but also on the heat transfer coefficient between
fluid and bus which is influenced by flow rate rnd also by that portion of
the catalyst bed which enters the bus bar. The heat flux values given in
the data summary tables have been corrected for the "tube" loss. Any overall
heat balance made should incorporate both "end" and "tube" losses.

Test Runs

The initial system tested using the 2-ft reactor section uas MH over
UOP-R8,Pt on AlaOa,catalyst. Table 48 sumarizes the data obtained during the
six test series making up the study. Eacl of the series will be described
briefly in the following discussions.

The first test series (10018-50) was designed to duplicate the
reactor inlet conditions an) power input specified as Condition B in Table 70
of the last annual report.• A direct comparison of experimental data and
performance predicted by the mathematical model could then be made. (This is
discussed later .) A feed rate corresponding to a mass velocity of 150,000
lb/(hr.ft;2, an inlet prassure of 900 psig, and an inlet temperature of ca 900*F
were established and power to the reactor was increased in steps until thki
specified heat flux (ca 350,000 Btu/(hr-tt)] was reached. As it became evident
that the catalyst was deactivating, the test was discontinued at that point.
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400

N2 Rate. 33.2 Ih/hr
Feed Tamp: 916 -. 4*F
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Fague 27. FSSTR - COMPARISON OF SHEATHED AND BARE WIRE
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Tho effect of catalyst deactivation is show.a In Figure 29 whpre the exit
fluid temperature is indicated. The continuirng t~rnperature rise shown in
the finnl runs after a step increase In power indicates that the heat, sink
resulting from reaction is decrenuing and a corresponding amount of power 18
heating the product.

Even though the catalyst had evidently been slowly deactivati.ng prior
to the final power inecrase, the initial conversion at that level reached about
665'. Comparing this w-ith the predicted conversion of 57¶ý indicated thet, some
modification of the model would be required.

Series 10018-52 was run~ at the same reaction inlet conditions as the
preceding series as a check~ on the previous results. Longer lined-ocut periodn

* of operation confirmed that deactivation was proceeding at temperatures at
least as low as 900*F.

0 As tests in the bench-scale reactor (P'igure 01)'~ had shown some
temporary improvement in catalyst activity resulting from hydrogen treatment,,
this procedure was tried on the partially deactivated catalyst. HQ2 was Peased
through the reactor while maintaining inlet and outlet fluid temperatures at
ca 1000*F for 20 minutes. No significant increase in activity could be
demonstrated during, the Initial run conditions estalliahed for Series 10018-~55.
If any enhancement of catalyvst activity occurred, it vas very temporary and had
dissipated during the time required to bring the unit to an operating condition
corresponding to the final run of the preceding series. The test was continued,
increasing power input in steps, until a heat flux of 376,000 Btu/O~r-tfl~ van
attained. At this point the tube wall temperature at a point 1/2 in. from the
exit anil started increasing rapidly and the run was discontinued, This will be
further discussed in a subsequent section. The in~creauing rate of cats-lyst
deactivation at higher temperatures was clearly demonstrated during this series.
Figure 30 shows the M4H conversion-time data taken at three temperature levels.

A fresh charge of tO?-R8 was then Installed in the tube and activrated
in N2 for 2 ',,urs at 1100"F.

Series 10018-6 van a brief test at moderate power input made to
confirm that catalyst activity was the same as for tie first charge.

mode theIn order to provide further data for modification of the mathematical
modl henext tests (Series 10018-2) were made at a lower flow rate,, 0 -

60,000 lb/(hr.ft2 ). This correaponds to the meass flow rate used for a number
of tests previously made in the 10-ft reactor sections. During this series a
maximum heat flux of 168,000 Btu/(hr- ft 2 ) to the catalysat section was reached,
resulting in an initial MCH conversion of W',;.

The final test series (Series 10018-6Z4) was designed to reach the
maximum heat flux permitted by the 1000 ampere power supply liraitatioj-L,
ca 590,000 BtU/(hr.ft2). Feed at ambient temperature was used for these ra~na
and pow"r was increased in ateps as usual, until at a heat flazx of 570,000 Btu/
(hr-ft2) a rapid rise in tube wall temperature forced s-hut-down. Conversion
was I.7o at this condition.
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Figure 30. FSSTR -_MCH OVER UOP-R8 IN 2-Ft REACTOR:
DECLINE IN CATALYST ACTIVITY DURING SERIES 10018-55
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Coke Deposit. Temperature Limit

Series 55 and 64 were each terminated when a runaway temperature
'ieveloped after a step increase in power. The sudden increase in temperature
was measured by the tube wall thermocouple located 1/2 in. before the exit
end of the reactor. Figures 31 and 32 show the time-temperature data
recordcd during the final portions of t-c two series. Tube wall temperatures
at 21 in. and 23-1/2 in. points and exit fluid temperatures are shown. A
rapid temperature rise of this nature occu-red during previous experiments
on the 10-ft reactor (Figures 58 and 59),2 at which time catalyat deactiva-
tion was caused by increasing the temperature of MC11 feed to the catalyst
section to 1l0-11506F. However, sudden catalyst deactivation was obviously
not the mechanism involved in the present problem, since the exit fluid
temperature did not follow the tube wall temperature, which would have been
the case if the heat sink capacity were lost due to a sudden decline in
conversion. It appeared more likely that the increase in temperature diffe-
rence between tube and fluid was the result of an insulating coke layer being
deposited cni the tube wall and a consequ.!nt decline in overall heat transfer
coefficient. This was substantiated when the catalyst charge was dumped
following Series 55. The bulk of the charge poured easily from the tube but
it was necessary to rod out the final l/P1 in. to 1 in. portion of tie bed.
Examination oC the catalyst particles from this final section showed a coke
sheet adhering to one tangent of some of the beads. A photomicrograph
(Fi gure ) of a recovered particle shows the coke sheet clearly. The broken
catalyst bead was probably fractured during removal from the reactor tube.
The coke film in the picture is about 0.01 in. thick. No generalized
conclusions can be drawn from this single case. However, for the system
involved, rapid coke build-up should be anticipated in any region where tube
wall temperatures of 1350*F and fluid temperatures of 115ý0F might be
encountered. Whether the presence of the catalyst affects these temperatures
will be checked in subsequent runs.

The RB catalyst in the runs in the 2-ft reactor has shown wich more
tendency to deactivate than it did in the runs in the 10-ft reactor, due
probably to the higher heat flux. Work under our catalyst development program
has provided catalysts of greater stability (as indicated by bench scale
tests) than the R8. Enough of one of these (10280-113) has been made up to
carry out tests in the 2-ft reactor. This will be done in the cubsequent
period.

Coolirg Progrmm, Experimental STudy

A program has been initiated to provide experimental data which will
yield information on the characteristic behaior of hydrocarbon fuels under
canditiona of very high heat flux.

Proposed targets for this investigation are:

1. Heat sink in the region of 600 Btu/lb (from latent and sensible

heat only).

2. Tube wall temperatures of l,00-1400°F.

3. Heat flux in the region of 7-8 x 10O Btu/(hr.ft2).
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Figure 31. FSSTR- MCH OVER UGP-R8 IN 2-Ft REACTOR:
EFrECT OF COKE DEPOSITION ON TUBE WALL TEMPERATURE,

SERIES 10018-55
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14. Tube 10 between 1/4l in. and 0.02 in.

The major objective of the study Is the experimental verification
of, or if necesriary, modification of, heat transfer correlations for use
under these extreme cwiditions. Alao, an some thermail reaction in apt to be
found at the high -wall temperature levels, the posuibility of cok~e deposition
on the ',Ube walls exists and the effect of this dcposit on heat tranofer rAs
well ta the ponsibility of plufggine in the small diameter tubes will have to
be Investigated.

0.2T7" ID x '?-ft L~ong Henl, Trwisfcr Section

The initiaml effourt In this study, using 14cCH as the teetv fluid, was
conducted usin'g the 3/8 In. OD) x 2-Ct long heat transfer section whi~ch was
described previouisly. Some changes made in thermocoupl~e placement will be I

discussed later.

Test Runs

Three series of test runs have been completed at conditions which
met as mrany of th~e proposed targets as possible while using this section. The
range of variables covered wda:

Tube Size; 0.277 in. ID x 2 ft long

Pros su~re: 600-900 pai
Food Rate: 2,41,000 lb/f ft 2 ) 2500 ISHV
Max Hest Flux: 163,000 Btu/(hr-;f9)
Max DLkFluid Temp: 9

Max Tube Wall Temp: 130Foutside)

In none of these tests was there a9.V indication of change of heat transfer
ocoefficient that night be attributed to coke deposition. Data from these
tests Ito uum-Arized in Tab~le 149.

In the original design thie tube neotiun was constructed with all
tube wall thermocouples upot welded to the bottom~ of the horizontal tube.
Series 10018-71 was carried out without any change in this configuration,
therefore, temperature differences between top and bottom surfaces of the tube
were not meanuivd. Difficulty in obtaining heat balances during these tests
led to relocation of the exit fluid thermocouple which in turn gave indication
of temperature strata existing In the outlet fluid stream. To deterrmine the
extent of this tcmperature variaticm along the tube, six addi~tional Uall
thermocouples wtere added to the reactor. Five of the new couples were
located on top of the tube aJItcrrn~ting in axial position with the original
six located oni the tube bottom and owe was positioned on the aide of the
tube 16-1/2 in. from t~hc Inlet end. A sketch of the tube with the revised
thermocouple arrangement is given in Figa 34J.

Series 10018-75 r~nd 78 were then carried out., In these teqta
differences of up to 300*F brtwcen top and bottem outside wallI temperature.'
were mt'unred. Tem;erature prof~ii.n Lfor three of the rune which were made
under similar cor4ditions except for feed temperatures are showni in gFui5
Data from the 1/2 in. and 25-1/2 in. locations have been daleted fro-~ifs-
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RnN. Location of IC Bulk Fluid
1008 on Tube Wall Temperature, @F Heat Flux,

10018- - I ' Btu/(hr ftW)
Top Side Bottom In Out

75-15:15 0 • 3G M 668 152,000

75-16:30 0 0 499 738 154,000

75-16,55 E I3 U 596 823 153,000
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* Figure 35. FSSTR - HEAT TRANSFER TO MCH IN EMPTY 0.277w ID x 2-4T LONG
HEAT TRANSFER SECTION: VARIATION OF TUBE WALL TEMPERATURE

WITH THERMOCOUPLE LOCATION
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figure as tko se temperatures are irfluonced by the proxi..tty of the bus bars.
A compa•or-m of the experimental data with several heat transfer correlations
is given in another section of this report.

It is aa'.-r,..d that thiu temperature differrnce is due to stratifica-
ticon of the flowing fluid rathe- than being the result of non-uniformity of
the w•all thickncro. A section of the tube from which the reactor was made
wao measurod ivd a vaxiatilcn of only * O.COl" wac found in the nominal 0.049"
wall thcckneac. Vhen time ir available this reactor will be operated in an
inverted position to ree if tho hot wall will remain on the top or' will move
to the bottom with The tube inversion.

Heat losoes from the uncompensated 2-ft long reactor section were
determined bý incaou'ng the temperature drop of a heated N2 stream passing
through the tube in 'he same maunier as was described when it was used as a
catalytic rcictcr. f[iCurc_3 illuatrates the measurement for one temperature
le.Iel. The heat losses dcterminc" over the entire temperatur. range are shown
In Fig 28 alone with the data obtained using the reactor packed with
catalst. Note that beat loss to the bus bars ("end'" loss) is snoh less
important when the cat ilyst is no longer present to promote turbulence and
incroased heat transfer.

Temperature data from Sections I and II of the FSSTR (5/8 in. OD x
10-ft long tubes) taken during line6-out periods of operation when they were
being used as prehoaters for the 2-ft section are listed in Table 74 in the
Appendix.

0.0265" ID x 6" and 4" Heat Transfer Secrions

A test set-up designed to orprate at higher heat flux conditions
than was T ossiblc using the larger reactor sections has been assembled anm a
photograph of the test, stand with a 1/16" GD x 6" long heat exchange section
in place is shcwm in igue 7. The reactor is connected into the FSSTR
system and makcs une 'R the feed supply and pressure control cys~em of that
unit. Power for resiste-nce heating of the tube is supplied by a-n 18 KVA
variable reactance transformer. The discharge end of the reactor Is grounded
and is fixed in position to the icurnting frenexwrk. The upstream end is
supported on rails by e movable bracket, and a pulley and weight syote. is
ubed to keep a constant tension on the tube, moving the br.4aket as necessary
along the rails as the tube expands.

The heat exchange sections used in this rig have all seCnI constructed
of 1/16" OD x 0.018" uall type 316 S.S. tube (0.0265" ID) silver roldered to
3/4" diameter copper bus brrs. Sketches giving dimensions and thermocouple
locations for the five sections uced to the present time are given in
Li~rurn 8 hough 41.

Fluid temperatures aie measured in the expanded end fittings before
and after the heat exchange section as shown and outside tube wall tem;ora-
tures are measured by thermocouplas which are spot welded t'- the tube. The
wall thermocouple leads are wrapped at leant one full turn around the tube
before running Thzough ceramic insulation tubes -o a Junction board. The
leads are insulated from direct contact with the tube and each oTher by a
layer of ceramic cement. The rest of the tt;be has been covered with a
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4 1250
- Fluid Temperature 'Measurvd)

:1 3. 4F ft 80 Btu/"r (End Loss)

920F ow550 Btu/Thr
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(Total Loss)
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E (Loss Along Tube)

1100 --

1050 Nz Flow R.te 21.7 Ib/hr O
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10001 I I
0 4 8 12 16 20 24
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Figjure 36. FSSTF: EXAMPLE OF HEAT LOSS MEASUREMENt• FROM
2-rT LONG HEAT TRANSFER SECTION
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feed
1F.1d

3/0I ! 1/I 3/U

Tube Wall TC's (8)
(All on Front Side of Tube)

Fluid TC i Fluid TC

3/4_ ¾0Cu Bus Ban, (2)

U - 6"

Tube- V,," O x 0.0!8" Walt Type 316, S (S " Tube 10%' Lng Overall)
Thermocouples: Fluid - V 6 ' OD inconel Sheathed Chromel-Alumel

Wall - 0.005" Chrorrel-Alumel Spot Welded
Scale: None

Figure 38. FSSTR - MINIATURE hEAT TRANSFER SECTION:
REACTOR NO 10018-82
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Food
FdD

Tube Wll TC f 5 on Bottom (B)f{5 on Top (1")Tube Wall TC'a nTo 1

"D0. 3' 0 t- 0.3",,. ,,;411,; V4 -; _ 6 •

* 0 Cu Bus Br (')II1 - I 
I__ _I__ 

_ _ _---

Fluid TC .j FluC(d TC

Tubs: Vi/" OD x 0.018" WaIl Type 316 SS (V6' Tube 9•" Long Overall)
Thermocouples: fluid - ý16" OD Inconel Sheathed Chromel-Alumel

Wall - 0.005" Chromel-Alumsl Spot Welded
Scale: None

Figure 39. FSSTR - MINIATURE HEAT TRANSFER SECTION:
rEACTOR NO. 10018-97
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IInTC's 6onrop (T)
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I on Front (Fr)

00
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I I

Flt I M3/4' Cu Bus Bars (2)Fluid iC ,.. -,Fluid TC

Tube: OD" 00 x 0.018' Wall Type 316 SS Y'/1" Tube 9V2" Long Overall)
Thermocouples: Fluid - !/d'" OD Inconel Sheathed Chromel-Alumel

Wall - 0.005" Chrormel-Alumel Spot Welded
Scale: None

Figure 40. FSSTR - MINIATURE HEAT TRANSFrER SECTION:
REACTOR NO's. 10018-103 and 110
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Wall - 0.005" Chromel-Alumel Spot Welded
Scale: Nor*

Figure 41. ISSfR - MINIATURE HEAT TRANSFER SECTION;
REACTOR NO. 10018-122
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similar layer of ccment to make heat loucas more uniform. Except for runs
"usinrg the flirt tube (Peactor i0018-.'2) the tents have been conducted with
ceramic fiber and magnesia block insulation covering the tube and end
fittings.

As illustrated in Filure 58 alU of the thermocouple Junctions were
spot welded to the side of the tube when the first miniature section was
constructed,. Thi second (Reactor 10018-97) and subsequent tubes were fabri-
cated with alternute couples located on top and bottom of the horizontal
tubes (Figures 39 Lhr uh 41). This was done as tents in the 3/8 in. OD'x
2 ft reactor rep,.-ted above had shown Iarge temperature differences existing
between top =nd bottom of that tube and It was desired to determine if a
similar effect could bc found in the present emall diameter tubes. Data
obtained using the second miniature reactor (10018-97) clearly showed that
there was indeed L systematic difference between top and bottom wall tempera-
tures. FiLgue 4 illustrates this difference for a typical run using water
feed, %here the bottom of the tube was somc 20-30OF hotter than the top.
Unfortunately, this tube failed before further tests could be made.

The first tests made usirg the third miniature reactor (Reactor
10018-10) sketched in Figure 40 were made only to clarify these temperature
differences, Runs were mde under similar conditions, first with the tube in
its normal position and then inverted. Figure 4. shows the results of one
pair of tests. Contrary to the results from Reactor 10018-97, in this cane
the top side of the tube was hot when in its normal position. On inverting
the tube the hot side moved to the bottom. This indication of nonuniformity
in the tube led to further examination of the recovered portion of Reactor
10018-97. The tube was sectioned at three locations (1/2, 3, and 5 in. from
the inlet end) and wall thicknesses were measured using a microecope equipped
vith a microveter eyepiece. At these three locations the bottom wall was
thicker than the top by 0.0021, 0.0015, and 0.006 in., respectively. Nominal
wall thiikneqs for thin tube was 0.018 inch. Since nore heat w1.!l be gene-
rated in the heavier wall side this explains the observed temperature
difference.

For calculation purposes the top and bottor wall temperatures were
smoothed as shown in Figure 42, wherever possible, and a uniform wall thick-
ness was assumed. Foer--s-r-re-lO018-90 and 94 this could not be done ae the
thermocouples were all mounted in a single row on the side of the tube.
The results for these tests, therefore, are subject to the uncertainty of not
knowing if the thermocouples were located where a high, low, or average wall
temperature existed.

Heat losses from the miniature heat transfer sect'ons were determined
as follows. Loss from the tube wall was found by applying a small amount of
power to the section with no fluid flowing. Temperatures were allowed to
equilibrate and temperature and power data were runorded. While the tube wall
temperature fell off at either end of the section due to heat loss to the bus
bars, the profile was flat enough over the central portion of the tube that
end losses could be neglected and power input was, therefore, a direct measure
of tube wall heat loss at the temperature of that point. This procedure was
followed with the tube insulated as was the normal practice when making test
runs and also uninsulated to duplicate the conditions for the initial tests
using Reactor 10018-82. Loss to the bus bars and end fittings was found by

-1l.1 -
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960

920 A TC's Along Top of Tube /
0 TC's Along Bottom of Tubs

I.80 /1/
Smoothed Data

S840 Used In Calculations

760 ~Bottom /O

720 -- , I ,
0 2 3 4 5 6

Tube Length, Inches

Figure 42. FSSTR: EXAMPLE OF TUBE WALL TEMPERATURE DATA FROM
MINIATURE HEAT TRANSFER SECTION

Run 10018-101-13: 01
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A optr of Tube }6 Bottom of Tube Tube in Inverted Position / /0 /
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0 A Tube: 10018-103
Nominal ý/16 O. D. x 0.018' Wall
Water In: 60OF
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Fiquie 43. FSSTR; EFFECT OF INVERTING MINIATURE HEAT TRANSFER
SECTION ON TUBE WALL TEMPERATURES
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passing a hetod feed stre-am through the tube, measuring the tempcrature drop
and calculating the overall heat loss. The portion of the loss which was
dlrvctly, from the tube wall was determined from the wall temperature and uas
subtracted from the total to give the loss to the two bus bars end end
fittings. This end loss dipends on heat transfer between the flowing fluid and
the passoqe through the bus bar and will therefore change with flov rate as
wll as with tempereture of the fluid. Heat loss measurements were therefore
made with all fluids used in the test runs and at several different flow rates.

Fimr 44h gives the heat loss for the tube wall vs. outside wall
temperature &ndT-rure4ý_ gives the loea to ',he bus bars as functions of fluid
flow rate and %emp..Žrature.

Test Runs

Taole 50 presents a brief survey of -he operating conditions fcr
which heat tr-an' fr data have been obtained Lsing the miniature reactor
sections. Tabulated for each test run are the fluid flow rate, inlet and out-
let. fluid temperature and pressure, heat flux and maximum inside tube wall
temperature. Time at temperature is included for the tests using MCH feed
where possible dpeit formation is of interest.

Two series of tests were conducted using MCH as feed in Reactor
10018-82. The first series (10018-90) was terminated when, at a heat flux of
ca 3, 500,000 Btu/(hr.IrtR), flow and pressure surging became so severe that
operation could not continue. Followinr this test the system was modified so
that the product would be cooled and condensed before reaching the pressure
control valve. The second test series (10018-94) was madc at a higher MCH
feed rate and reached a maximum heat flux of ca 4,000,000 etu/(hr.ft

2 )
withodt any difficulty. At this point, however, with outlet pressure of 530
psig, bulk fluid temperature oe' 539 0 F and maximum inside wall temperature
ca 870'F, the tube plugged as a further increase in power was made. The plug
was removed by forcing a wire through the tube; however, several of the tube
wall thermocouples were damaged and a new tube was constncted before, testing
was resumed. At this point it was decided to interrupt the HCR tests and
continue operations using N2 and water so heat transfer data could be taken
at high heAt flux withovt the added complications of reactor plugging.

Wo series of tests (10018-98 and 101) were made using Reactor
10018 -97. Tho first series, using N2 at a feed rate of 6.4 lb/hr, was limited
to a maximumu heat flux of ca 50G,000 Btu/(hr-fT2 ) when wall temperature
reached > 15003 F. In the second series (10018-101) water was used as the
feed. This test terminated when the tube burned out us the heat flux was
raised above 6,uOO,OOO Btu/(hr'ft2 ).

The third tube (Reactor i0018-r11) burned out during its first
teat series when the power level was increased beyond a heat flux of 1, 500,000
Dtu/(hr.ft 2 ). Note that the outlet pressure was essentially atmospheric
during this test. This reduced the boiling point and caused a lower burn-out
heat flux.

Less severe conditions were then selected and the next tube (Reactor
10018-110) was used to obtain data while transfering heat to boiling water
(Series '10018-116) and to superheated steam (Series 10018-119).

-144 -
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Figure 45. FSSTR - ENO FITTINC HEAT LOSS FROM MINIATURE
HEAT TRANSFER SECTIONS
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The desired maximum 8,000,o00 Btu/(hrift 2 ) heat flux requirod the
constructicý.. of a 4 inch long heat exchange coction (Reactor 10018-122) so
that a h. g)er feed rate could be used and a bu.n-out heat flux would not be
reached. A marimum heat flux of 8, 4 50,000 was attained in Series 10018-166
ujing this shoCr section.

Tests with MCH were then resumed usinq Reactor 10018-110. Five
series of runs were made at various flow rates as shown, with the power input
being iJmited in moat cases when a very sharp pressure drop increase accompa-
nied the final power increase. For the final test using MCH the 4 inch long
reactor was reinstalled and used in Series 1OO18-133 to reach a heat flux of
8, l6o,OOO Btu!(hr-ft 2 ).

More complete tabulations of the data frcm i.ll of the tests made
to date using the miniature heat transfer sections ate given in Tables 75
through 88 in the Appendix. Flow, fluid and tube wall te.uperatur-s, wi-
prssure readings obtained during the tests are recorded aa well as smoothed
outside and calculated inside wall temperatures. Heat input values in these
tables have been corrected for losses aloq; the tube but no correction has
been made for heat loss to the bus bars. This will have to be considered if
it is necessary to make an overall heat oalance as the outlet ten-,eraturec
are low as a result of tnese losses.

Analysis of these results and corarison with several heat transfer
correlations is in progress and will be discussed in another section of this
report.

While Series 94 was terminated when the reactor plugged there
has bevn no evidence of coke formation during any of the other tests using
MCH. It veems possible, therefore, that the plug was not the result of
normal operation at the conditions of the run but was foeturd when a pressure
and/or flow upset, perhaps caused by a too abrupt power increase, aecreased
the fluid flow rate momentarily.

The high fluid and tube wall temperature conditions which wou.1d
produce coking have been avoided in these tests so that heat transfer data
could be accumulated in the region of neration not subject to coking. When
this heat transfer data is complete temperature levels will be raised until
coke formation is an important factor. It is eypected that, with these small
tubes and high heai fluxes, even a thin coke deposit will have a considerable
effect on heat transfer coefficient and the tube wall temperature wiil
increase rapidly when a coke build-up co-xences. The possibility of tube
failure, during these tests, is to be expnected. A further complication will
bo the necessity for removal of any coke deposit between test runs.

Decalin, S:IELLMNE F) jet fuel F-T3., and possibly methane are
expected to be tested as this cooling program continues.

14- i8 -
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Inside Tube Wall Tenperature Calculationsa)

k Inside tube wall temperaturen (T ) were calculated from the

measured outside wall temperatures (Tw) byTthe following procedure:

The equation for temperature drop across a cylindrical wall
with heat being generated uniformly throughout the wall and being transferred
both to a fluid strcam on the inside and lost to the surroundings on the
outer surface Is;

(q/Ai) 1 _ (Ri/Ro) 2 + 2 Li(P./Rool
T T2k _- J(Rj/k)2

•',+ (qL/Ai)-
+ ( Ri[ln(Ri/Ro)] (6)

For the 0.0625 in. OD x 0.0265 in. ID tubes used the above equation reduces
to:

or (q/Ai) (qL/Ai)

or

LT r (3.56!) - LT1

where q 1 I2 r (3.415) Btu/hr
Ai O.CO5730 Ct2 /inch tube length.

Resistance and thermal conductivity of type 316 S.S. vary with
temperature as shown in Fi gvre46. Resistance values for the tubes used were
determined by measuring rsiT~anec at ambient temperature and correcting for
temperature variation by applying ratios of resistance between ambient and
elevated average wall temperatures obtained from Figure 46. Thr. following
equaticns show the resulting resistance and thermal ccanductivil,- for a
typical turi with resistance equal to O.Ol u 02 nm/inch of l.•th at 68°F.

a) Symbols used in this section are as follows:

k tube surface area, ft 2 /unit length; Ai inside, Ak outside

h heat transfer coefficient, Btu/(hr'ft2.OF)

I current, amperes

kw, therrmal conductivity of tube material, Btu/(hr.Ct-OF)

q heat generated in wall, Btu/hr

qL heat lost to air, Btu/hr

R tube radius, ft; RI inside, .% outside

r tube resistance, ohm/unit length

T temperature, OF; TW1 z inside wall, TW - outside wall, TWA =

average wall, TF bulk fluid, T= TW -TW.

- 149-
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Figure 46. FSSTR - THERMAL CONDUCTIVITY AND ELECTRICAL RESISTIVITY
USED FOR TYPE 316 SS MINIATURE HEAT TRANSFER SECTIONS
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From O-kOO"F, r - 0.01156(1 + 0.0005597 TWA) (8a)

Frcm 4o0-150o0 F, r - O.01234(i + 0.0003729 TWA) (8b)
From O-1500*F, kw - 7.33(1 + O.0OQ6248 TWA, (9)

On substituting these expressions in Equation (7a)

From 0-b400'F,

(1 + 0.0005597 TWA'
-ITw 1 (0'005616) (13. + 0.0062• TWA) T + .00 ()W •. a qL 1 + 0 . ....4I - - (10,%)

From 400-1500*F,
(1 + 0.000)329 TWA) (0.2215,,

W (0'005995) 1 + OOOO248 TWA qL (I + .00 4 TW'1 (lOb)

These equations were solved for &TW as follows:

A parabolic temperature gradient through the wall was assmed such
that

TWA = TWO - 0.333 ATW

Making this substitution into the first term of Equation (10a) or (l0,) and
using the measured values of I and T%,V an approximate value for 6XT was
obtained which in turn gave a close approxiration of TWA. The heat loss
correction to &Tw was then deternm, cd by using this approximate value of TWA
along with the value of qy fromiFiure 44 in the second (heat !Loss) term
of Equations (lOa) or (l0). Si - his correction to &T2 4 was very small
(2*F or less) which resulted in < 16F change in the original approximation
of TWA it was not necessary to repeat the calculation with modified TWA values.

Hleal, flux and total heat to the fluid at intermediate points along
the tube were determined as follows:

actual. heat flux to the fluid is (q/A.) - (qL/Aj). Heat generated
in the tube per unit lcongth (q) can be determines uaing the< measured current
(1) and the approxinat resistance (r) from Equation (8a) or (8b) evaluated
at the average tube wail temperiture at that point (T A) For these tubes
the inside surface area per unit length (A4) is 0.000 780 ft 2 /inch of tube
length. Total heat transferred to the fluid up to any point along the tube
was determined simpl by averaging the heit flux up to that point and
multiplying this average by the insdic surface area up to that point.

- 151-
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Model of a Pac-ed EA, R~ast,'r

Influmnce of Phhbyo.al Properties

Zn the paokid bed reactor pragram, physisal properties for HCH
dehyd ogenation (compressubility factor, thormal conductivity and viscosity)
were dhanged to improved values, Theco were then varIed separately to
dotermarnc the sensitivity of calculatce rewalts to a change in each property.
Values of the properties and the roaulta are v.ovn in Tabjle 1 along with
corre"ponding e•rprimental measmcr'v. The properties for Case A were
determined at an average pressure and temperature for the experimental runs.
The comproeuibility factor in Case B '.s in .he range of low MCH conversion.
HAL~aver, It increases rapidly with Jr ýreasing conversion and is approxi-
matAly 1.0 at moderate mid high conversions. Hence, 1.0 is a reasonable
value in most calculations. The thurmal coaduativity in Case C and the
viscosity in Case D were determined at the highest pressurs and tewperaaure
encountered in the experiments.

Variations in the thermal conductivity and the viscosity had
negligible effeot on the calculated results. A change in the compressibility
f!&tor had Pome effect on the outlet tenperature amd conversion; however,
the chmises are corn•able to differences between the calculated -md experi-
mental results. The only significant chmige in the results is thL increase
in otlst pressure due to a decrease in the compressibility factor. For the
four runs shown, tt. ratio of the pressure drop for Case B to that for Case
.is approximately 0.8, slightly less than the ratio of the compressibility
factors for the two cases. In general, the agreemant between calculated and
experimental r&oulte is good for a compressibility factor close to 1.0, uhich
In to be expected slnue it rises rapidly to 1.0 ac MtC reacts.

The abuve results show t',et the ,=s of constant properties in the
packed bed reactor program is Justified, since the sensitivity of these
results to property changes in a singlo phase !s small.

Reaction Kineti.7s for _MJH Dehydrogenation

Kinetic Paramwtere From FSSTR Data

Further calculations with the packed oeo reactor program have
improved the values of kinetic parameters for tWH dehydrogenation. The
kinetic model for MHI dehydrogenatjon is simili~r to the desorption-controlllng
model proposed by Sinfrit at &I, 53jand is the came as rate expressions used
ink previous report:18 1

( 1-c)klk 2C MH i H 3r 1CH " + kac-C j PTOeJ (11)

where rMH - rate ot MCH dehydrogenation

C a void fraction

ki w A], exp(Ba/iir)
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Table 51. EFFECT OF .CHANES iN PmLSICAL PROPERTIES
ON N;C{ DZ•iYDRCGEUATION

Mai M.er 143- 1931- 5- 50-! 1540 1420 1620 1310

01, lb/ift 2_hr 5o4oo 368oo 33200 .514100
To, "F I •10 8914 90o 90o
PO, pcig 390 437 903 885
q, Btu/ft 2 -hr 27500 13300 24103 .35900

Cutlet Temperature, *F

Experiment 10059 632 838 745
Caloulation,
Case

A 1005 69T 833 756
B 995 70T 836 755
C 1005 697 833 755
D 1005 &.7 833 756

Oatlet Pressure, pair

EJ.erirnt 144 21' 790 6T1
Calcul ation,
CaseI

1. 478 230 792 668
B 572 291 81, 71o
C 478 230 7?2 668
D 473 2n 792 668

VCH Conversion, ',

L£-Iperimrnt 94 44 62 21.3
Calculation,
Case

914.4 144.1 64.4 20.1
B 95.5 43.5 64.3 20.2
C 914.4 .441 64.4 20.1
D 94.4 44.1 6h.4 .20.1

Properties

Case I1
Btu/ft-hr-"F lb/ft-hr

A o.77 0.0543 o.o417
B 0.3% 0.0543 0.m417
C 0.97 0.0670 ^.o0417
D 0.97 0.0543 0.04o0
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k2  - A_. exp(Bl2 /RT)

A,,A2 w prc-exponential factors

B, - activation onergy for toluene decorption

B2 - ensrgv of reaction for MCH to adsorbed toluene

R - universal gas constant

T - absolute temperature

MCHc - concentratlon of MlH

PTOL - partial preunure of toluene

PH2 - partial pressure of hydrogen

Pt•H " partial pressure of MCH
X = A3 exp (B3 /RT)eq
A3  - 4.0 x lo° atm2

B3  - -9, 500 Ptu/lb mole

The latest calculations utilized experimental rewmalts which were obtained on a
2-it section in the FSSTR and were not previously available, along with earlier
data obtained on 10 ft sectiens in the FSSTR. Data and results for selected
runs are shown in Table 52 . Reasonable agreement between calculation and
experiment was obtained by varying one of the kinetic parameters, A,, from
the value used in previous calculations.

The improved kinetic parameters are

A, a 1.2 x 1013 lb mole/ft 3 -hr

A - 45 .5 10-8 ft 3 /lb mole

B,. a -59,000 Btu/lb mole

Ba w 54,000 Btu/lb mole

The values of B1 and B2 are approximately the same as those determined by
Silfelt, but A& has a twch larger value, which is indicative of a more active
catalyst.

Better agreement between calculation and experiment also resulted
when the more accurate reactor lengths shown in Tible 52 were used instead of
the approximate values of 2 and 10 feet.

Figures 47 and 48 show calculated and experimental resul.s for two
tWH dehydrogenation trns 17- the 2-Ct section of the FSSTR. The agreement is
good for the outlet presnure and conversions. There is some disagreement
between the calculated and experimental temperature profiles. This may be
due to different values of the heat transfer coefficient in the calculations
and the experiment. In the calculations, the heat transfer coefficient is
constant and yielde an almost constant temperature difference between the
fluid and the wall. In the real case, the number of moles of gas increases.
Hence, the linear velocity and the heat transfer coefficient increase,
causing the temperature difference between the fluid and the wall to decrease,

- 14-
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as Indioeted by the decreasing difference between the curve for the fluid
temperature and the experiunntal points for the wall temperature.

Kinetic Parnmeters From Bench-Scale Data

In order to determine the feasibility of using bench-scale data to
oalcUlato kinetic pea'mmeters for Dccalin dehydrogenation, data obtained on the
bench-scale reactor have been used to determine the kinetic parameters fo:
.4,H de&ydrogenation for comparison with the results calculated from the FSSTR
data. The bench-scale data were evaluated for u desorption-controlling

kinetic model by a nonlinear estimation techniq,,e.

The kinetic model is a simplificd veroton of Equation (11). Since
equilibrium was not important in any bench-scale runs, the binomia• factca.
was dropped and Equation (11) reduced to

r (1-c )kxk2C H 
(12)

The model was developed for an integral reactor, since high converslonn
occurred on several runs. Isothermal conditions were aswsmed to simplify the
integration. Steady-state conditions were assumed for the continuity equation:

)H ='

where NCH - molar flux of WEH.J

The MH flux is assumed to be due entirely to convection in the axial
direction. Hence f

dz

where vz = average velocity in axial direction
z - axial distance.

The WH concentration is related to the molar concentration of the gas by the
reaction stoichiometry:

where c = molar concentration of the gas
g - fractional conversion for dehydrogenation of pure MCH.

The etoichionk.try of the reaction also relates the average velocity at any
time to the initial velocity. The compressibility factor is assumed to be
unity, which is valid for moderate and high conversions and reasonable for low
conversions. Hence

vz- Vzo(l + •g) (16)
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where V2. initial average velocity.

Also

P(17)
RT

*&.ere P = absolute pressure.

By substitution of Equations (12), (15), and (16) the continuity equation Is
tr&nnformed to

CVZO ._ (l-c)kck(1 - (19)+, ' 3g + kzc(l (8

Integration slong the Lxial direction from z = 0 yields

(l-)kk 2  - + dg
VZo kd

(kz, - 3)g - 4 In(l - g) (19)
Vzo

vntrod,,ctlon of the mas& flux for the initial velocity, reactor volume for
axial distance, and Equation (17) for concentration yields

kjk:2VN0 (l-c,) ___P

RT GA kRT - g - 4 in(l - g) (20)

where V - volume of tubular reactor
1o - molecular weight of feed

G = mass flux
A a cross-sectional area of tubular reactor.

Equation (20) relateýs the reactor volume to the MCH conversion for given
values of the mass .lux, pressure, and temperature.

The kinetic parareters in the rate equation were determined by
nonlinear estimation after rearrangement of Equation (16) to

1v z - E)(,-- kJkP (5.Z + 4 ln(i - g)]} (21)

The reactor volume was taken as Lhe response function with mass flux, pressure,

temperatur'e, -nd conversion as independent variables. The error sum of squares
for the reactor volurie vas minimxzee to yield the following kinetic parameters.

A1 - 1.8 x 1011 ib-molo/ft-_thr
A2 - 3.6 z 10-4 ft 3 /lb-mole
Bw -48800 Btu/Lb-mole
D2~ - 51700 Btu/J--mole
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Attempts to evaluate a conf:.dence region fol the parameters were unsuccessful.
These paramet~rs are significantly differený from those in the previous
section. B, and Ba are losc., and since thc:,•. are exponents A& and Ap are
quite different.

Co* arison of Results

MCH dehydrogenation rates were deteor.;red for kinetic data from two
different sources wd are shown in Table 5. Rates oD:od on data from the
bench-scale reactor and FSSTR are gWnierally imilar although the former data
predict slightly higher rates. However, these rates are 10 to 100 times
faster than the corresponding rates based on Sinfelt's work. Rates predicted
from Sinfelt's data are questionable at 8000K, since these were determined by
extrapolation from data at 588-645*K.

Table 53,* DFYDMROG124ATION RATM FOR PURE MH

Reaction Rate, g-mole/hr-g Catalyst

Source 6ata X (62oF) 700'K (800•F) 800'K (930F)Kinetic Data _ •=

20 atm 50 atm 20 atm 50 atm 20 atm 50 atm

Penon-Scale 0 0.•0 5.5 67 27. 47.
Reactor

F6ST11 o.015 o.16 5.6 6.0 18. 39.
site; 1o0.017 0.019 o.ll 0.23 (o.6) (o.39)et al;Lý

The kinetic parameters determined from bench-scale data were used in
the packed-bed reactor program. The conditions shuwn in Table _ for various
experimental runs vere used as data for the calculations. T-- predicted
results are compared with experimental measurements in Tables 55 to 57. The
calculated conversions in Table 5 are slightly higher than the experimental
conversions. In Tables 56-an 5-7 most of predicted and experimental conver-
sions agree with each other. Outlet temperatures for each rua; show the same
degree of ag-reement as the conversions, since energy balances on the reacting
fluid wert" used to determine the heat fluxes.

Fi_1res 49 and 50 show calculated and experimental results for MCH
dehydrogenation in the 2-ft section of the FSSTR. These are the same runs
as shown in Figures 47, and 48. Th3 agreement iu good for fluid temperature,
pressure, and conversion. There is some disagree.nent between the calculated
ard experimental wall temperature with the greatest difference being
approximately 30'F near the reac.or inlet. Other runs in the 2-ft reactor
had good agreement except for Runs 50-1630 and 60-1336. The difference
between the calculated and observed results in the former run is due to
significant catalyst deactivation. However no apparent cause accounts for
the disagreement in Run 60-1336.
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Table 54. DATA FORl THlE PACKED PFlD PPOG-RAM PREi-DCTIONS OF
MCII LWHY DIoG EINA: 1 N HUN.I3

Mbas ?1l.x Heat Flux Tnley' inlet

Run N~u. Jof Fluid, to Fluid, Pressu~rc, Tcwp,

Catalys t Bed Dimenson's: 0.277-in. D x 9.81-at L

120-1400 59.,500 330,8o 890 925
123-1505 71,700 38,,c-( 887 935
144-2.35o 37,600 0 626 782

*144J-143o 37,500 9,600 630 790
144-1530 37.,500 21,500 638 788
144-i64o 37, 500 19,100 43476
146-134u 36.,700 11.,200 430 797

*146-1500 35,800 7,000 890 801
146-1620 1 35,800 19,7100 891 793
143-1320 60,,400 28,600 8f6 935
148-15140 60,400 27,900 890 1090

Catalyst Bed Dirnensina: 0.652-in. D x 9.55-ft L

198-1300 35,500 15.,100 911 095
098 142 36,800 13),400 487 894

5-1200 171,200 12,:400 901 898
5-1320 17,200 23,90 903 900
5-1620 33,200 2~,,v4^OG 903 900

*9-1300 36,700 j 35,,700 8w3 904
9-1400 36,700 52,200 886 905

*Catal~yst Bed Dimensions: 0.277-in. D x 2.014.-t L

5120 1410 -5,000 885 899
50-1310 154,.100 37,000 885 9oo
50-1400 154,100 83,000 885 891
50-143o 15IL$100 139,500 885 893
50-1510 154,100 M02400 885 902
50-1540 154,100 253,700 885 908
50-1610 154,100o 306,200 885 910
50-1.630 154,100i 338,100 885 099
6o-1300 154,100 -5,000 894 900
6o-1336 154,100 267,300 892 903
62-1130 60,000 -3,4co 892 902
62-1300 60$000 28,800 891 901
6P-1400 60,000 115,100 894 901

*62-1419 60,000 152,600 889 895
62-165o 60,000 30,2(00 89189
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Table 55. EXPEPJT.NTAL AND PREDICTED RESULTS FOR
WN~ u-EHY DIRO;E4ATION' IN THE F06THt

MIT

Outlet 0utlet Centerline Fluid Tern-
Run No. Conv.., Pressuret TOte, perature, 'F, at

poig *F 2.5 ft 5.0 ft 7.5 tt

120--100 96. 50 1030 795 68O 830

Prediction 98.2 508 1019 785 830 880
J23-1505 91. 125 1040 800 &9 873
Prediction 95.3 19" 938 783 821 860

144-133o 9. 570 637 659 650 646
Prediction 10,5 555 621 635 530 625
i44-143o 49. 521s 784 712 738 751
Prediction 50.5 318 765 693 724 748
144-153o 93. 469 963 751 790 835
Prediction 95.8 467 928 737 786 834
144-1640 85. 44 915 728 7Z4 734
Prediction 89.5 128 861 707 743 775
146-134o 59. 192 775 707 719 734
Prediction 62.4 231 732 681 707 722

146-1500 40. 820 8W 729 751 771
PredictVon 41.3 826 783 707 739 763
146-1620 90. 773 958 772 812 862
Pr6diction 92.4 790 929 757 812 858
140-1320 88. 516 947 791 &11 85E
Prediction 91.5 530 904 776 814 3

148-1540 94. 44W 1009 8n 838 882
Prediction 97.1 467 971 802 835 875
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Table E6. PERUItM L AND PRMIICTED PMULTS FOR1 MPll
DEHYDROcCaJATl0N 14 TRE 1T

(0.652-Na. R x 2-55¶-I'T LI-

Oule O Centerline fluc Tom-
oOutlet Outlet perature, "F' atRun Not . resuere., Temp, o-paig F 2.5 ft 50 ft 7.5 ft

193-13o 43. 809 782 732 7
Prcdiction 42.3 603 783 725 1 90 66

198-1420 44. 219 682 687 687 6814
Prediction 43.7 215 6% 678 688 690

5-1200 64. 871 825 7146 777 800
Prediction 63,4 372 835 742 778 805

5-1320 98. a60 1013 773 8214 872
Prediction 98.4 • 6• 1007 773 826 879

5-1620 62. 791 83B 749 777 798
Prediction 62.8 789 82a 743 777 802

9-1300 77o 720 872 758 792 817
Prediction 78.0 720 353 753 793 821

9-14OO 97. 676 1034 777 822 866
Prediction 90.6 678 1014 772 823 870
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D1DcIY:!01''xTI0N 1N TIDE f~t,7Th
SC9-.1277•. .•_D x -4 kiT) T -f.

Outlet, Outlct Outside Wall Tomporaturej 'F, at

Fun No. Presoure, Tamp,

p~g F 0.27 f 077ft 1.27 ft 2..77 ft-

50-1210 15.2 700 688 801 7!8 715 703
Prediction 15.6 670 683 800 7"? 702 687
50-1.10 21.3 671 745 839 787 772 71%
Prediction 21.8 617 738 831 778 761 757
50-1400 28. 5 788 885 841 8w6
Prediction 28.9 623 733 862 825 818 820

50-1o0 39•.1 60C 831 937 906 907 919
Prediction 39.1 585 831 903 880 882

50-1510 51.2 548 880 981 965 970 989
Predlction 50.7 532 8a7 952 940 950 968
50-1540 59.6 505 935 1025 1007 1016 1046
Prediction 59.0 J 85 94 990 986 100• . 0 i06
50-1610 65.9 466 1o11 1061 1048 1063 1O8
Prediction 66.2 432 o1l. 3.027 1033 1061 1112

1"'-1630 65. 432 1101 1098 1091 11.19 1200
Prediction 69.3 105 1058 1046 1o6o 1095 160
60-130o 14.7 709 696 802 739 713 700
Prediction 15, 631 684 300 732 702 681
6o-1336 63. 505 926 1023 2301 1027 1050
Prediction 60,8 w8 953 993 998 1018 1053
62-1130 13.9 865 699 756 711 702 70).
Prediction 14.8 862 686 747 695 688 685
62-1300 28.7 855 770 806 782 790 801
PrO-iclion 29.0 856 766 791 762 771 782
62-140o 72.3 8% 901 931 932 957 990
Prediction 72.0 842 905 903 909 939 971
62-1419 86. 823 1011 981 990 1022 1089
Prediotion 87.0 828 1002 949 966 1007 1066

62-165o 28.0 I 8514 738 815 78? 793 809Prediction 129.5 &36 768 792 764 77 78!_i
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Fitr~ircs 57 to 60 generally show slight differences in the predic-
tions based on the two scta of data. The kinetic parameters based on the
bench-scale data do prcdi'it slightly higher cunversion and pressure drop and
slightly lower temperature, which becomes appreciably lower at the reactor
ehit, than the paranoters based on FSSTR data. They also predict a tempei'i-
ture profile that. is a slightly better fit of the experinental data arid hati
a curvature m~ore like the experimental profile. Because of this the bench-
scale reactor shiould be suitable for collecting kinetic data, the kinetic
parmewters calculated from bench-scale date for WiH dehyd~rogenation should beI
reasonable, and available bench-scale data can be used to determine a kinetic
scheme for DecaJlin dehydrogenationi.

Reaction Kinetics for Decalin Deyrgnto

Decalin-Totralin-Naphthalerne Equilibria

computer program was developei end used to calculate equiilibriumi
* compositiona of the Deoslin- tetrslin.-naphthalene system at various conditions,

Since the program will ultimately loo used in kinetic calculations for
Deealin dehydrogenation, it is presently restricted to mixtures that result
from the dehydroGenation of pure Decs.Lin.

The independent chemical reactions uaed for the system are

f~iusc i ;=-> trans- ~ (2

trans-QýC @0 + 3H2 (23)

* .2H2 (24)

Equilibrium cnis~c'tan for the above reactions are:

1. NO gj (25)

kv- 7tDHXtD 1PH2 k 91- 92 (26)

22

P- 2

k30 WNH' XJPH _.~ k73 i-i (27)flTXT (_e2-gs)

where

ki w oqu7libriur. ccnhtslat of reaction e

S -e onequilibrium constant for the activity coefficients of
reha tion i
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gi - equilibrium conversion of reaction £

Yj - activity coefficient of zhomical spenies

X 1- mole fraction of chenical species J

Pj - paitial pressure of chemical species j

and chemical species are ropresentod by the suboripts

OD ciu-Lecalin

tD treansDecclin

T tetralin

N naphthalfno

Ha hydrogen

The partial pressure of hydrogen Is related to conversion by

iihere

P - total pressure

Value of the equilibrium constan*.t are determined from a least squares fit
of datat') ') by

bi/
log i- al + (0)

where

ai, bi - constants

T - absolute temperature

Equations (25) to (28) are solved by iteration to determina the
reaction converesons at any given temperature. The Iteration logic follows:

1. Ausumed values are aseigned to the reaction coaversions.

2. tiole fractions are calculated for each chemical speoieou.

3. The fugaoity of the mixture is caleulated by Pitzer and Curl'.
equation of state for the second virial coefficient. 54) 5)

4. A.ctivity coeffie anis are determined for each species by the
method of Oamson and Watson. "e)'
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5. Equilibrium constants for the activity coefficientq are

calculated.

6. The hydrogen parvial pressure is calculated bj Equation (23),

7. Equations (25) to (27) are solved simultaneously to yield the
reaction conversions.

The conversions calculated In step (7) are assumed as the starting point for
the following iteration. The iterations are terminated when the calculated
conversions match tho assur.ed conversions. Rapid convergence was achieved
when the starting point was the cGmplete conversion of initially pure Decalin
to naphthalene and hydroLen. If feeds other than pure Decalin are used, the
same .:tarting point and logic should li'kewise result in rapid convergence to a -
soix .on.

Equilibrium compositions and reaction conversions are shown in
Figures 16 and 51 as functions cf temperature at various pressures. The curves
are based on equilibrium mixtures that result when pure Decalin dehydrogenates
to tetralin, naphthalene, and hydrogen. At 10 atm, Decalin has reacted
completely at 740°F with 10% converted to tetralin and 90% to naphthalene. At
30 atm the 90% conversion to naphthelene occurs at 870'F. Hence, over most
of the conditions to be expected in the FSSTR (7OO-1O03F, 10-60 atm), the
equilibrium ccnversion of Decalin is almost complete, end the conversion to
naphthalene is aquilibrium limited only at the lower temperatures and higher
pressures.

Kinetic Parameters From Bench-Scale Data

- Present work on Decalin dehydrogenation consists of evaluating
experimental data from bench-scale studies to determine a kinetic model for
use in the packed bed neactor program. The data are being used to select the
best form of the rate expression and to estimate kinetic parameters. Later
FSSTR data will be used to confirm the model and improve the values of the
parameters.

In the reaction model, cis- and trans-Decalin are considered as
separate chemical species. Both isomezize to each other and dehydrogenate to
tetralin, which dehydrogenates to naphthalene. The reverse hydrogenation
steps will be included if the kinetic model is significantly improved.
Basically the model has one isomerization and two dehydrogenation steps. In
the kinetic scheme three conversions are associated with these steps. In the
analysis of the bench-scale data,reaction rates for the three steps will be
integrated nu.merically for each run to obtain conversions. Least squares
analysis will be used on the conversions to optimize kinetic parameters and
then select the best kinetic model.

Model of a Regenerative Heat Exchanger for Missile Application

Model Development

One of the rear term applications of Air FIrce programs on vapor-
izing and endothermic fuels involves utilization of supersonic combustion
ramjet engines for powering missiles. Present plans contemplate using only
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the latent and so-.sible heat ea;acity of the fuel for cooling the engine.
tinder the current coritract the behavior of candidate fuels will be inteoti-
gated both anal; tically and experimentally.

In order to arrive at the optimum design of experimental equipment
a computer model has been developed to be used in predicting the effect of
geometric and experimental variables on heat transfer and profiles of pressure
and temperature. Fuel is considered to flow through a cylindrival heat
exchanger of constant cross-sectional area and increase in temperature prior
to injection into the combustion chamber. The computer program predicts the
pre-sure and temperature profiles of the fuel. Required input consist of
preusure and temperature of the fuel at either end of the heat exchanger,
cass flux of the fuel, heaj flux profile at the wall tube dimensions, 6nd
"fuel properties. The program is organized so that properties for any fuel
can be inserted. The calculation is limited to single-phase flow; however,
work *,s being done to extend the model to two-phase flow.

The models one-dimensional along the tube axis, is based on a
momentum balance, an energy balance and a mass balance:

,dvz I LP . fV 2 =0( )"~~v Vz -rz p dz o = o

v !,+cLT+ (I +jT
dv dT 11 T z +pd rd (31)

PVz . 0 (32)

where z axial distance from tube entrance
P fluid pressureT fluid temperatire

d tube diameter
vz average v.-locity of fluid
p = fluid density
op = fluid specific heat at constant pressure
O . average mass flux of fluid
f = friction faztor
q = heat flux at the wall (positive value in the direction of

ircreasing radius).

The friction factor for turbulent flow in a smooth pipe is given implicitly
by 6

f-1/2 4.0 log(Re.fI/2) - 4.0 (33)

where Re = Reynolds number.

In the program,Equation (53) is solved by iteration to determine the fric'tion
factor for a known Reynolds number. The friction factor for laminar flow is

16
f 16• (34)Re
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Equitlona '30) to (,2) were solved to yielJ explicit expressions for
the pressure and temperature derivatives in terms of the man& flux, the heat
flux and properties of the fuel. Numerical integration of the derivatives
then yields the pressure and temperature profiles. To obtain the derivatives
the energy equation is simplified by subtracting Equation (30):

S7, f o+-- (5)

Equations (30), (3?), and (35) ar. now dolved simultaneously. The fluid
velocity in Equatione (30) ani (35) Is replaced by the mass flux ujing
Equation (32) and the resulting equations rearranged and made dimensionlesn:

4 odP d )t dT r rdP 2f a0
F ai F FT p - ' . -fdz (36)

P2ddT Td CipdP 42(

These equations are •'ritt.n in matrix form:

aL., 22 X2 b2(8)

Pd dP (39)

I 2 d dT (40)

F- Z-l4G )all = -1 + G2 80 (41)

&1 wGR8 (42)

a . aP (43)

622 W Cp (144)

b, - 2 (45)

b - (46)
G3

The solution to Equation (38) is

x1 = a=-bi - a (•7)

a1 1 e 2 2 - 12 a 2 (4

X2 a(8)
alla2 2 -al~a2l (8

-7T2-
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In the computer program Equations (47) &jid (48) are integrated numerically by
the Runge-Kutts-Gill mcthod.ý') Fluid pressures and temperatures are then
obtained as functions of the axial distance.

The critical velocity for choking is calculated at each integration
s tep for comparison with the linear velocity. The critical velocity occurs
as the pressure drop approaches infinty. Hence thb critical volocity tan be
found by letting x, approach infinity in Equation (47). The denominator m
the right side is then zero and the critical velocity is given by rearrange-
ment:

c . P c p [•% T('I)

where vc = eritical velocitj of fluid
Ge - critical mais flux of fluid.

At periodic intervals during the integration a film heat transfer
coefficient and a wall temperature are determined. The film coefficient is
determined by any suitable heat Lransfer correlation, which can be inserted
easily into the computer model.

In order to analyze data obtained in a resistance-heated heat
exchanger, a piir of wall transfer coefficients, one for the heat generated
and the other for the heat lost, are used to calculate the temperature drop
tcross the wall. This temperature drop is given by

hG hiL~ (50)

""where

IT 1 111 ' Id-(51)

"heat transfer coeffioent for heat generated by resistance

heat=n; in tube wall

hL (kw2)

f heat transfer coefficient for heat tran&erred to surroundings

qG 0 heat generated by repistanae heatP.g expresoad as an inside
wall heat flux to the fluid

qL -heat lost to surroundings expressed f an inside vall heat
flux from the fluid

Ti - inside wall tiemperature

Tr " outside wall teniperature
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Ri - inside tube radius

Re - outside tube radius

k w -wall thermal conductivity

The inside wall temperature is determined by

T " (53)

where Tf I-luld temperature

hf film heat transfer coefficient.

Cowuariron With Experiments

Exp•,riments have been runT aT low and high heat fluxes. The calcu-
lations at lov heat flux (1.36-1.63 x 105 £tu/ft 2 -hr) compare favorabJy
with experimental rerults. At high heat flux (4.50-8.22 x 108 Btu/ft 2 -hr)
the calculations are different from experimental observations. The predicted
wall temperatures are higher than the observed values. Experimental results
at low heat flux wcre obtained on a 0.277-in. diameter tuba and at high flux
on a tube of 0.0265-in. diameter.

Predicted temperature profiles at low heat flux are compared with
experimental results in Figures 52 to IL4. The mean bulk temperatures on
the three figures lie in the subcritica1, critical, and supercritical tempera-
ture regions. The calculated outlet bi) k temperature in each figure agrees
closely with the experimental value.

The profiles of the wall temperature were calculated from the heat
flux, fluid temperature, and heat transfer coefficients based on different
correla ions. Two of the curves ara based on the Dittus-Boelter correla-tion:59)

MI - 0.023 "e08pr0' (54)

where Hu -U - Nusselt number

dORe- - Reynolds number
Pr, t - Prandtl number

k - fluid thermal conductivity

u - fluid viscosity.

Fluid properties for one curve are based on the mean bulk temperature and for
the second curve on the average film temperature (the average of the mean
bulk temperature and the inside wkll temperature). The third curve is based
on the Sieder-Tate correiation:501
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NUB 0.023 ROB°o 1/3( 0.3") (55)" •1W

where the subscripts refer to properties at either the ear bulk temperature
(B) or the inside wall temperature (W).

On each figure tle measured wall temperatures on the top and bottom
of the tube are close together at tne tube Inlet, diverge for 1 ft, and main-
tWn a large difference for the remaining tube length. This temperature
difference is Frobably due to secondary circulation inside the tube driven by
density gradients. Hot fluid at the side rises to the top forcing colder
fluid down across the centerline to the bottom of the tube.

The predicted wall temperatures generally tend to lie in the region
of the bottom wall temperature. At suberitica3 bulk temperatures (T < 5i0.5*F,
Figures 32 and 53) the Dittus-Boelter correlation based on the average film
temperature shows less agreement with experiment than do the other two
correlations. At ambient bulk iemperatures the wall temperatures are high
due to a large fluid viscosity, which decreases rapidly with increasing
temperature. At the critical temperature, discontinuitiev' in the fluid
properties cause discontinuities in the heat transfer coefficiert and henea
the wall temperature. At supercritical temperatures (Figures 53 and 54)
all three correlations predict essentially the same heat transfer coefficient.
In Fig 54 the wall temperature for the Sieder-Tate correlation (not shown)
lies-between the wall temperatures predicted by the other two correlations.

Predicted temperatures at high heat flux are shown in Figures 52 and
L6. The mean bulk temperature is subcritical on both graphs. Outride wall
temperatures based on three crrelations are plotted for comparijon with
experimental temperatures. All three correlations predict conservative
values of the heat transfer coefficient and hence high values for the wall
temperature, although the temperatures based on the Dittue-Boelter correlation
using fluid properties at the average film temperature are somewhat reasonable.
The experimental wall temperatures are close together and show no evidence
of secondary circulation. Actually the bottom wall temperatures are higher
than the wall temperatures on top. This is probably due to a greater wall
thicknse av. the bottom of the tube.

Shock Tube Studies of Inition Delays of Hydrocarbons

The measurement of ignition delays has been extended to other high
molecular weight hydrocarbons. E4pefimental methods and equipment have been
described in previous reports. 2)3 The latest measurements have been made
on fuels that arc possible candidates for regenerative ccoling of ramjet
engines. The fuels used include both as-is components(DMD(dimethanodecalin),
SHE.LLDYNE, and SIELLDYNE H) and mixtures (SHELLDYNE-Decalin and SHELLDYNE-
Einor-S). Correlating equations were determined by linear regression for
each fuel.

Experimental Work

Mixtures were prepared at 80°C in order to have a sufficient concen-
tration of fuel. The reaction section of the shock tube was heated to the
sam temperature, while the driver section was maintained at 43"C (except
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near the diaphragm flange, where the temperature was also 80 0C).

Wring each firing of the tube the apparent delay time of the mix-
ture was determined by measuring the infrared emission from C02 at a frequency
of 2350 cm-1. The C02 emission was displayed as an oscilloscope trace,
examples of which are the lower traces in the photographs of Fiore 57. The
upper trace in each photograph i. the pressure history at the maMffing
station. Photographs (a) and (b) are characteristic of the results obtained
on most of the shock tube runs. During the passage of the shock wave there
is a sudden increase in the pressure, which is followed soon afterwards by a
marked increase in Cr2 emission. A few of th.- runs with SHELLDYNE exh!ibted
two breakpoints in the COr traces, as shown In photographs (c) and (d).
The initial increase was followed shortly tay a dip and then a second increase
in the CO2 emission.

Data Analysis

The calculation procedur4 for analyzing data has been written as a
computer program that furnishes the ignition delay and physical conditions for
the combustion front. The ca)::ulation !s based on the equations for conserva-
tion of mass, energy, and momentum in a one-dimensional shock wave. Perfect
gas behavior and a logari1~.mic dependence of specific heat on temperature are
assumed. The apparent d"ay time is corrected to the true delay time usLng
the velocities of the rohock wave and the following gas. Conditions at the
combustion front are calculated from the conditions immediately behind the
shock wave by assuming an exponential att!!nuation of the shock wave pressure.
The pressure following the shock wave is assumed to decrease with distance
according to

*~~P (P2. =( ld=ina. . exp(.)(6

where P, = pressure ahead of shock wave
P2 - pressure following shock wave
x w axial distance
H - hydraulic radius of shcck tube

A - s.ttenuation coefficient.

An attenuation coefficient of 0.001 was used, ,hich in in the range of 0.9005
to 0.001 estimaLed from attenuation coefficient- for other shock tubes. 0M

Results

Ignition delay times and conditions calzulated from experimental
data are listed in Tables 89 through 95 of the Appendix. The calculated
delay times for each hrWcarbon or hydrocarbon mixture were fitted to
correlating equations by multiple regression to determine the effects of
independent variables. Temperature ard oxyger. concentration were found to be
the only variables with significant effects. Hence the correlating equation
used was

* E
In r -bo b, Ino02+ (5?)
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where I a ignition delay time, psec

Co2 = oxygen concentration, g mole/liter

T = absolute temperature, 'K

R - 1.987 x 10-3 kcal/g mole-'K

bL,b2  correlating p%rameters

E correlating parameter (activation energy), kcal/g mole.

Results of the correlation are listed in Table 58. The values of bX -,ary
from -1.32 to -0.59 with most of the values close to -1. This led to the use
"of the following correlating -quation:

ln(tco2 ) be + )

* Regression results for Equation (58) are listed in Table 59. Activation
energies are just slightly different from those in Table i . The standard
error for ln(Vco02 ) is only a fraction larger in Table 59 than in Table 58.
Hence the simpler and more general Equation (58) I- st as gooZ r1 £-as
Equation (5T).

Plots of ln(,rco.) vs !/T are shown among Figures 58 to 65 for
various fuels. These illdstrate the goodness of fit for Equation (58).

Figute ros 58 ,.,and 52 show the correlating equations for ignition ofn-oatane and Decalin. The delay times have been recalculated from e~rlier

data5 i using the computer program described above. There is some scatter of
data on both plots. n-Octane seems to have no pattern for the scatter of its
data. At low temperature, Decalin has delay times that correlate well.
However at high temperature and low fuel-oxygen concentration there seems to be
a dependence on the equivalence ratio or fuel concenLration, since the delay
time Is almost proportional to the fuel concentration.

Results of shock tube runs for SHELLDYNE are plotted in Figure 60.
in a few runs CO2 emission increased at ignition and dippod afterwards
(F, c and d). This was followed by another increase in the emission

* to a high level. The delay times for both of these increases fall along the
two lines shown in Figure 60. Both lires are equations of the sume form as
Equation (58). Most of the points for SHELLDYNE fall along the upper line.
However, the delay times for a few other runs and also the early delay times
for those runs having two breakpoints in the CO2 trace lie along the lower
line. These runs with early Ignition are irdicated in Table 91 and are not
restricted to a single mixture or set of conditions. The parameters for the
two ignition delay lines are given in Table 59.

Figure 61 'hows the Ignition delays for a particular mixture of
SHELLDYNE-oxygen-argon. The soi'ld lines are the correlating equations for
SHELLDINE. Six CO2 traces had two breakpoints each, three of whose delay
times are the pairs of pointq connected by dotted lines in Figure 61. The
other points were deteri.dned from C02 traces that had single brieiakints.
The points on the graph appear to form two distinct lines similar to the ones
shown. hence it seems that the ignition of SHELLDYNE is complicated by two
possible delay times. At the present time we have no satisfactory explanation
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Table 58. IGNITION DELAY PARAMETERS -N EQUATe'ON (7)

Standard Standard E, Standard
Error of Error of kcal Error of

Fuel ln(Ico2 ) bo bj b g moe E
n-Octane 0,55 -17.19 -0.76 0.08 40.5 3.7

Decalln 0.61 -14.90 -0.59 0.07 39.2 3.9

SHELLDYNE 0.30 -22.09 -1.03 0.05 48.6 2.3
SHELLJDYNE
(Early Ignitio) 0.26 -22.44 -1.05 D.10 46.4 3.1

SHELLDYNE H 0.35 -20.08 -0.93 0.05 43.9 1.3

D4D 0.62 -20.06 -0.95 0.19 45.6 4.2

SHELLDYNE- 0.60 -20.43 -1.10 0.13 40.7 4.0
Decalin

SHELLDYNE- 0.29 .27.77 -1.32 0.12 53.9 3.7
Binor-S
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Table 59•. IGNITION DELAY PAPAji4TERS IN EQUArION (58)

Standard Standard
Error of E, Errer of

Fuel ln(vioa) bg kcalla mole E

n-Octur, 0.56 -16.72 50.3 5

Decalin 0.6T -19.88 58.1 2.4

4 SHE=LDYNE n.30 -14.61 47.8 1.9

SME=LY1WE 0.25 -14.48 4'5. 1 1.4
(Earl.y Ignition.

SHEI.DYNE H o.3, -14.44 45.4 1.2
Dm, o.62 -13.84 46.2 3.3

SHELLDYNE- 0.60 -11.45 38.1 2.1
Decalin
SHELLDYNE-
Blnor-S (.57 -13.68 14.8 2.2

p.1
4
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for this behavior of SHELLDYNE. However, it occurs with sufficient frequency
to maku it in:probable that it is adventitious.

Ignition delay results for SHELIflYNE H and DMD are shown in Fiures
62 -nd 63. SHELLDYNE H data correlate well with Equation (58), whereas the
DM4D ha some. scatter.

Additional shock tul.e runs at lower DMD-oxygen concentration would
extend the data to higher temperatures and probably improve the correlatico.

The correlating equations for the various fuels are compared in
Figure 64. DM and mcst of the SHILLDYNE points have similar ignition delay
times. SHELMLDYNE H has delay times that correspond to the early ignition
delay times of SWUELDYNE. The delay timeo of n-octane and Decalin are sho.Lter
at high temperature. At lower temperatures these times are similar to those
of SHELLDYNE H.

Shock tube runs were made for fuel mixtures of SHELLDYNE-Decalin and
SHELDYNE-Binor-S. Figures 6ý and 66 show the results of these experiments.
The least-squares linear fit is shown for each mixture along with ignition
delay curves for other fuels. The SHELLDYNE-Decalin data at 1% fuel-oxygen
concentration do not correlate well with the rest of the data. The data for
the 1% fuel-oxygen concentration falls along the SHELLDYNE curve, while the
rest of the data is more consistent with the delay times of Decalin and
SM=YNE H. The SHELLDYNE..Decalin line is the best for anl the mixture data.
The SHELLDYNE-Binor-S data in Figure 66 correlate well. The best fit for the
mixture is close to that of SIULLDYNE H.

Estimation of Physical Properties of Hydrocarbons

The available physical properties of a JP-T type Jet fuel (F-TI),
trans-Decalin, and SHELLDYNE are shown in Tables 96 thi-ugh 104 of the
Appendix. Most of the properties for F-T1 and Decalin were estimated by the
Sternling-Brown Properties Program. Most of the SHELLDYNE properties were
calculated by a modification of the PPP-3 Physical Properties Program.

Critical properties of the normal paraffins were used in calculating
properties of F-71, since previous analysis has shown the fuel to be composed
mainly of paraffins with some naphthenes, olefins, and aromatics. In view
of the possible variation in composition of available JP-7 type fuels, the
assumption of a paraffinic composition should be sufficiently accurate for
calculating properties, and the properties in Tables 96 through 96 should be
representative of this fuel.

The current physical properties prc.,ram, a modification of the A. I.
Ch. E. program, is being revised, and when this is completed better estimates
of the properties for trans-Decalin will be determined along with properties
for cis-Decalin. In the meantime the properties in Tables V through 101
should be reaaonably satisfactory for both isomers of Decalin.

Properties of F-fl and SHELLDYNE will also be recalculated with the
revised program if they can be improved significantly. Otherwise the current
properties should be adequate, since these two fuels are mixtures and the
actual fuels available now or later may vary slightly in compositio.n

__ ______...... ___________.. ... 18 -. ,
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and properties.

The following section contains a summary of the various methods used
for estimating physical properties. The list is essentially an identification
of the formulas and correlations used in the calculation. The accuracy of
these techniquau is difficult to assess. The gas properties should be within
3% except in 'he critical region where errors of 10-30% may be likely. The
liquid properties are less accurate: density 2%, heat capacity 10%, enthalpy
8%, heat of vaporization 5%, vapor pressure 3%, surface tension 10%, viscosity
10%, and thermal conductivity 15%.

Description of Estimation Methods

1. Comressibility factor calc lated by the Ackerman modification
of the Redlich-Kwong equation of state. 62 "

2. Liquid density from the Francis equatione2) for T 9 To - 60°F

A T (59)
0ABT ~E-T (9

and from the Guggenheim equationa3) for T > To - 6oF

Pr a 1 + a(l-Tr)'/- + b(l-Tr) (60)

3. Gas he~t capacity at zero pressure from data or Rihani-
Doralwamy metod.N4 Pressure effect from a modified form of the Redlich-
Kwcng equation of state.

4. Liquid heat capacity by numerical differentiation of liquid
enthalpy.

5. Gas enthalpy at zero pressure from integration of ideal gas heat
capacity. EffecRtof pressure from a modified form of the Redlich-Kwcng
equation of state.

6. Liquid enthalpy at saturation presEtnre by differencti between gas
enthalpy and heat of vaporization.

7. Gas fugacity by numerical integration of
P"bffoldP (6-

0

8. Gas free enery from the ideal gas free energy and the pressure
effect on free energy

f
G - o R lnr (62)

9. Gas entrop from the enthalpy and free energy at the same
comditions

1n96m
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s. H -G (63)T

10. Gas specific heat ratio by differentiation of the Redlich-Kwong
"equation of state to evaluate

. p - v =-

11. Gas Joule-Thomson coefficient by differentiation of the modified
Redlich-Kwong equation of state to eýalute

4T"-- (65)C H

12. Gas sonic velocity from

v)T (66)

using the Redlich-Kwong equation of state.

13. Heat of vaporizaticn from the Theisen correlation"4)

AV , afe - T)n (67)

or the Watson correlation (n - 0.38).64)

tioi.a) 114. Vapor pressure by the reduced Frost-Kalkwarf-Thodos correla-

15. Surface tension from an enimirical correlation"5)

C1 = a(1 - TOb

or the MacLeod-Sugden correlation.04)

16. Gas iscosit from the Chapm.an-anskog theory vith Kihara poten-
tial parameters . /Correction for pressure by the Stiel nd Thodos method.

17. Liquid viscosity from an ASTM standard viscosity-temperature
chart for T < 2003F, from

b
in + = a + (6B)

for 200°F < T < 0.7 Tc, and from the Stiel and Thodos dense gas method for
Tr > 0.7974)
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18. Gas thermal coductivity from the Chapman- eskog theory.64)
Correction for pressur by the tel ind Thodos method.8e)

19. Liquid thermal conductivity from the Robbins-Kingrea correlation
for Tr '<0. ad from the Stiel and Thodos dense gas correlation for
Tr > 0.9.041

Prer;ent Status and Future Projections

1. A considerable effort has been made during this year to gather
data to allow lie to advance Decalin to the same status as a cardidate fNel
as is now occupied by MCH. Decalin is a promising candidate fuel in its own
right and would be valuable as a component of a mixed fuel in which the
Decalin is incorporated to decrease the vapor pressure or modify the freeze
point or viscosity. The Decalin system is considerably more involved than
is 11EH because of complexity of the dehydrogenation reactions. We have
apparently beev successful in obtaining kinetic data In bench-scale apparatus
under "isothermal" conditions (vide infra) for Decalin over Pt/A1sa3. This
will enable us tc, complete the mathematical model and then run Decalin in the
FSSTR in order to check it.

2. Preliminary examination of the thermal reactivity of the high
density fuel SHELLDYNE in our all metal bench-boale reactor equipment
revealed that it displays susceptibility to cracking reactions even at as low
a temperature as 800F; the extent of reaction depending on the cont&ct time
in the reaction z'ame. Although the reaction is relatively clean at low
conversion, at high conversions (i.e., high temperature or long reaction
time) eoking can occur. The reactivity of the SHELLDYNE can be greatly reduced
by hydrogen treatment, which is readily accomplished. Thus, under similar
conditions, the ratio of SHE=L=H to SHELLDYNE H reaction is around 1500
while the reactivity of SHE=/LYNE H is comppsrable with that of Decalln. Since
the effect of hydrogen treating on the heat of combustion and physical
properties of SHELLDYNE in relatively minor, it is evident that SHELLDYNE H
should be used in any application involving cooling. While this conclusion
must be tentative and will await further work in the mini-FSSTR under more
repreeentative conditions, it is unlikely that it will be modified. There
is some indication that the metal used in our bench-scale equipment had c
catalytic effec; an the decomposition of tie SHELLDYNE. The hydrotreating
also improved the thermal stability of SHELLDYNE as measured in the SD/M-7
coker, being superior to Decalin in tube deposits and somewhat inferior in
pressure drop effects. The next step will be to determine the behavior of
SHELLDYNE H in the mini-FSSTR in order to get basic data for heat transfer
calculations.

3. Other areas of interest in connection with the development of
endothermic fuels involve studying the rates and extent of dehydrogenation
of D•D, SHELLDYNF H, BCH (bicycloheptane), hydrogenated ulvenes, adamantane
and higher naphthenes over our standard catalyst. It will also be of interest
to study dehydrocyclative reactions for molecules involving spatially
favored hydrogen atoms. An attempt will also be mad•s to bring about rapid
dehydrogenation of TIB in the presence of a volatile strong acid which could
serve as a vapor phase catalyst.
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Although a substantial number of the 536 catalysts that have
been evaluated under oir catalyst development progrwm have shown greater
activity (and in some cases greater stability) than the standard Pt/Al2 O3
catalyst, we have not achieved the sought-for order of magnitude increase in
activity desired nor the hoped-for cheap equivalent catalyst. Recent work
has been concerned with the production of catalysts containing two or more
catalytic elements to which one or more auxiliary elements have been added in
an effort to promote substantially higher catalytic activity. Few synergistic
effects have been noted as a result of these attempts. We intend in the
future to systematically broaden our experimentation by increasing still
further the number of elements included in a single catalyst.

A few catalysts which had been shown to be more active than the
standard catalysts in MICTR tests were further examined in the bench-scale
apparatus under a broader range of conditions with results substantially in
agreement with the screening test results. Further testing of this type will
be done as more improved catalysts become available.

aog 5. Our efforts to develop nonconventional catalysts are be..Ically
along two routes. One, to develop a catalyst which can be coated on the
inside ofa heat exchanger tube. The other, to provide a catalyst precursor
which can be dissolved or dispersed in the fuel and will be aonverted in the
heated zone into a volatile or dispersed catalyst having the requisite acti-
vity to bring about the heat sink reaction. A number of thixotropic formula-
tions have been devised which, when dried and platinized, result in a
catalyst with at least as much activity as our standard catalyst and at the
same time can be converted into a slip which can be rvnlied to the inside of a
catalyst tube and fixed by calcining to give an adherent coating. The
coating is then platinized in situ. Experiments to check the catalytic
activity of such surface catalysts have yielded some encouraging preliminary
information as to the practicability of this approach. The best catalysts
will be examined further in FSSTR experiments.

In the area of possible dispersed, soluble or vaporizable catalysts
some success has been achieved in the past in static experiments carried out
in a heated autoclave. These and additional possible catalysts which have
been prepared or purchased will be further checked in two different types or
apparatii which are now in hand,namely a heated injection i'utoclave and a
pulse type reactor. Preliminary experiments in the pulse reactor have turned
up three model compounds which had some activity. It is expected that a large
number of materials will be examined during the next year.

6. The mathematical model devised to represent thb catalytic
dehydrogenation of CIH based on an axisymmnetric packed reactor successfully
represents the reaction under various flow and reaction conditions (although
it had to be modified to accept the 2-ft reactor data). We have been for
some months past attempting to develop a similar model for the Decalin system
utilizing kinetic data obtained in the bench-scale reactor with diluted beds
to supply the basic kinetic parameters. So far it has not been possible to
successfully represent the reaction over a wide enough range of reaction
variables. Accordingly, some additional data was obtained in the bench-scale
reactor using a differential reaction system in order to reduce the uncertain-
ty introduced by the indeterminate temperature variations. The model now
seems to be rounding into shape. Similarly, we are attempting to develop a
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satisfactory model for a regenerative heat exchanger operating inder the
conditions anticipated for the near term supersonic combusticn missile appli-
cation. Applying the model to the data obtained in the mini-FSSTR results
in satisfactory representation of the data in the supercritical region but
is less successful in the critical and subcritical regions. Additional work
on this model will be done as more experimental data are obtained.

7. In order to provide heat flux conditions closer to those that
might be encountered under application conditions, a two-foot by three-zighths
inch OD tube was constructed for the FSSTR and operated at heat fluxes up to
600,000 Btu/hr/sq ft, using R-8 catalyst with MCH feed. By Intrmducing
liquid MCH at 70'F into the reactor tube, it was possible to operate at
close to the maximum heat load of the section; however, it was evident that
catalyst deactivation was beginning to occur at temperatures as low as 9007°.
This was accompanied by a rise in the exit fluid temperature as well as the
outside wall temperature and by a decline in the MCH conversion. Final
fluid temperatures of 1250°F were encountered and a maxim•am wall temperatuxe
of 1500F. For the system involved, it appears that rapid coke buildup
should be anticipated in any region where tube wall temperatures are greater
than 1350"F and fluid temperatures above 1150F are found. These results
emphasize the necessity for developing more thermally stable and more active
catalysts. Fortunately, these have been provided by our catalyst development
program and will be tested in future work in the high flux section.

8. Heat transfer, pressure drop, and coking data " being obtained
for candidate missile fuels using a short small diameter electrically heated
section substituted for the down stream section of the FSSTR (this has been
dubbed the mini-FSSTR). The application being modeled here is that of a
nonreactive heat sink in which the fuel will not exceed 900F at the outlet
with an inlet pressure not exceeding 1000 psi. During the recent year tubes 4
or 6 inches long by 26.5 mils ID have been used for the study section and
nitrogen, t4CH and water have been used an test fluids. With each test
section fairly high heat fluxes and flow rates have been achieved. Each of
the first three tubes used failed for one reason or another, the first by
plugging with carbon and the next two by burnout, although not at the most
severe condition encountered. It is suspected that fluctuations in the flow
rate due to uneven exit valve operation or to surging in the feed pressure
may have been the cause of ths. failures. It has been shown that the radial
variation of wall temperatures which were of alarming proportions in the case
of earlier work with a 3/8 inch OD tube section also exists in the small
diameter tubes, although of a leaser mn.gnitude. In the latter case, however,
we have faind that this variation Is due to unequal thickness of the tube
wall and, hence, unequal generation of heat by passage of thne electrical
current. Whether this was also the case with the 3/8 inch tube remains to be
seen. Additional identical 4 or 6 inch by 26.5 mil sections have been
manufactured. These were used for experimentation with water and MCH;
Decelin and SHELLDYNE H will be the next test fuels, followed by F-71 and
methane. Following this son-- experimentation with larger tube size sections
will be done. A maximum he!at flux of 8.5 x 100 Btu/hr/sq ft has been achieved
to date.

9 We have two devices that we have been chiefly relying on for
determining the thermal stability of fuels in this study, the SD coker, and
the CAFSTR. The forer is essentially an improved ASTM coker but we have
operated it in a recycle mode in order Lo conserve fuel. In the past, the
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feed uection has been at atmospheric pressure and a Zenith pump has been used
as a combination meterina and pressure developing device. Because of the
considerable difficulty we have had with tlis pump and the amount of pump
wear which has occurred, we modified the SD coker to operate with the whole
system under test pressure, using the pump merely as a metering device.
This modification seems to be quite successful and we have used it for ob-
tainii.g data on a nrumbcr of fuNlE, including SHEELLDYNEM, SHELLDYNE H, and
Decalin, as noted above.

No operational problems have been encountered with the cAFSTH.
Runs which have been made to date on it have shown that the design concepts
were quite sound. The problem here is to rate the tubes in a meaningful
manner. The three possible types of evaluations favored ure deposit removal
by solvent action, deposit removal by combustion and deposit thickness evalu-
ation by electron recoil. All of these are, hopefully, nondestructive to the
tube. A large nu;mber of solvents were evaluated for their efficacy as deposit
removers at 100°C. The only significantly promisi•g solvent found was
dimethyl formanide. This will be checked against other evaluation methods.
Although the conditions necessary for utilizing combustion as an evaluation
method were checked out previously utilizing the CAFSTR tube heater as the
heat source for the combustion, we are also evaluating a method utilizing an
external furnace as the source of the combustion, with the expectation that
this will be less destructive to the tube, and, particularly, to the tube
heater. Other devices, includin6 a H2 ring burner, a plasma torch and a
laser are under consideration.

10. in the past we have been limited in our ability to determine the
ignition delay of candidate fuels in our shook tube on the basis of fuel
volatility, since we require a vapor phase mixture of the fuel, oxygen, and
argon to charge into the tube. In order to extend our capabilities int% the
tigher molecular wvight materials such as SHELLDYNE and dimethanodecalin
(D•D) we noodified the tube to utilize electric heaters to increase the
ambient temperatture of the fuel, oxygen, diluent mixture prior to carr-jing
out the shocking experiment. It was also necessary to eliminate all cool
crannies vhich might provide sites for condensation. Thus, it was necessary
to replace the precision pressure gauge used in making up the mixture with a
pressure transducer. We have now operated the tube at an ambient temperature
of 80°C to compare the ignition delay of DMD, SHELLDYNE and SHEILDYNE H.
We find this to be the order of decreasing ignition delay (with the SHELLDYNE
H having a delay approximating that of n-octane). A presently inexplicable
peculiar behavior was noted on a number of occasion j with SHELLDYNE, which
gave two correlatable ignition delay times in the same experiment. The
shorter delay was 'ipproximately thA same as that exhibited by SHELLD'WE H
while the longer delay was about the same as -*hat shown by IMD. Future work
is intended to go to higher ambient temperatures (and, hence, higher equiva-
lence ratios) for these and other high molecular weight molecular types,

0 and to higher pressures for a range of molecular weights. We also hope to
improve the sensitivity of the IR tetection system to enable us to follow
rirre precisely the production of CO2 and hence the combustion rate during
the reaction.Sii. We are keeping in constant touch with improvements being made

in the vArious correlation schemes for computer production of properties of
various molecules. We are utilizing two proprietary programs, the Sternling
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Brown and the PCP program as well as the A. I. Ch. E. program (in part). We
have also taken advantage of a proprietary effort to calculate the properties
of molecules from the molecular structure. We utilized this in connection
with the correlative progrma to determine the properties of SUELLDYNE over
a broad range of ter.-perature and pressure. We have also similarly calculated
the properties of a JP-7 type fuel (F-71) and trsns-Decalin, Unfortunately,
each tire the properties are calculated, we have to make the proviso that
these are subject to revision at some future date if better experimental
data or improved calculation methods become available. We must do so in
the present instance.

12. Decalin han a number cf advantages as an endothermic fuel
(compared to MCH), mainly in its lower vapor pressure, higher density, and its
better thermal stability and lubricity. In order to have an adequate supply
of this matereal on hand, we obtained thirty drankq from the Air vorep fuel
bank (RAF-161-60). This had been in storage sinre 1960. In spite of the
fact that it was inhibited, oare taken in the selection of the material
and the lob temperature storage ccAndiVons, its color and thermal stability
had deteriorated substwitially, Laboratory work sh-.ned that It could be
regenerated by silica gel treatment, so thin operation was carried out on
the thirty drums, resulting in a material of practically pristine quality.
Some of thip. material has been supplied to Pratt and Whitney sad to the Air
Force at Wright Field. Interestingly, the impurity removed seemed to be
fairly simple in character and relatively volatile containing three major
components of about the same emergence time from a GLC column as
naphthatene. A considerable quan~ity of this mattrial "das desorbed from the
silica gel column used in the thirty drum purification and will be exawir.ed
:urther to try and identify the materials re4spor.sible for the poor thernml
,tability behavior of the Decalin. The material also had vesicant properties,
causing a severe dermfetitie to susceptible individuals.

b
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Doenripticn of' thf Pulse Reactor

The pulse reactor wis a 1/A in. OV ftairnlous steel tuhe (no. 30t)
9-1A in. Icing and 0.023 In. oall thickness. Swagelok Teev were fastened at
thah end and one arm of the Tee served as an Injecticn port. A rubber septum
(OLC type) %s1 held in place by the fitting nut and ihe feed was Injected
tlnough this eeptun from a qyrinpo. A five Lich length of the reactor tube
was surrounded by a secondaxy furnace liner and the whole was heated 'vy an
electric furrAce. The secondary liner Mad aoien radial drilled holes for
thermocouple ,j, and the holes wert locat-d au shown in Figre 61. A schematic
diagram of the pulse reactor Is ehown in Fiae 68.

All lines were i/4 in. OD stainless steel tubing (no. 304). About
28 in. of line just prior to the reactor was wrapped with heating tape and
conatituted a ges preheater. AOmit 8 In. of the preheater section was filled
with quartz chips (10-20 me-h eiza).

In the pulse reactcr system the carrier gas was metered through a
rotameter (Figr6) and passed thrvu,•h the preheater section and into the
reaotor. it-exrt-gas passed into a manifold and then into the GIL. The
purpose of tbe manifold was to maintain the exit gas pressure slightly
greater than the gas pressure in the GLO. This was dcne by adjusting the
pressure control valve and the went valve. The manifold waa wrapped with
heating tape and wev maintained at 3n2a to 56"F. Th injection port
temperature was about 4o50. The pressure control and the vent valves were
needs valves (Hake Nn. 131i) and the GLC valve was a lever operated valve
(HRok No. 1490).

To carry out an experiment the reactor was brought to temperature
and the CarTIer g6s flo rate, reactor pressure an4 manifold pressure were
adjusted by moann of the appropriate flow control valves. Then with inert gas
fllowing to tka j.I a pul•se was injetetd through the lower injection port and
subsequently ara'lysed. This gave an analysis of the starting material. A
pulme waa thbn inlocled in the +:p injection port# panned over the catalyst
and analyved.

Ir this system ths space velo4+- .:e, obtained from the inert gas
flow r"tet. r L-9&ais the pulse reactor "stem with tha secondA',y
furnacO linr•" i pl&ae; Fi.ure TOl shows the 010 analysis system.
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Figure 67. SECONDARY FURNACE LINER FOR PULSE REACTOR
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T~bjqj0 FIM100YNAIONOF DECALIN YVFJ _SUEU.
Wg1 A IM~A'RX CATA.LY,3T

eratiilyut Volume: 7 ml Feed: F-'.13 Decalin
IJIV:100 T4:6% cie-DHN

Reactioni Time: 30 min 25.0% treine-D)HI
0.'i% THN

Pr. saure: 10 atm

lcwn No. - 1544-9-

Temperature, *F
lloclk 842 932 1022 1112 120L
loll W~-29 704-90 853.60 941--52 1094-90
Catalyst kc Prof is 604-17 639-53 673-89 716-40 iOI.-66

S97..95 630.35 662-66 704.07 1744J
606-,Q 640-44 67640 72S*.25 799-95
S! 7-21 65S-57 698.41 W-50- 837-30

a x 76) 13 14 16 24 65

Product Aasly-ole %v
trt"411 34.2 29,7 24.5 18,11 11.9
cia-CNN 23.7 20.1 16.2 13.4 11.4
gb) 0e.O 0.0 0.0 0.1 0.9
1)5K 20.51 16,4 11.1 6.1 5.0
L-b) 0.01 0*0 0.0 0.0 0.0
* 21.4 I 33.6 47.9 60S 6716

Uti 0.2 0.7 0.3 0.4 0.5
CracWed I Iq. 0.0 0.0 0.0 0.5 2.2

yield INN, %" 20.! 16.0 10.? S17 4.6

= ICwo~wrs ION, 1 41.9 50.0 5902 67.9 81.2

Slacttvlty for IIM N, %a 99.5 99.2 99.0 98.1 89.0

Rate Comtsate.*
Zero Order, at@, M ec 4.02 5.05 6.30 7.1" 10.22
Firsat Otr.w soc ~ 0.52 10.70 0.95 1.291 2.10

Eactt keel/saole -7 -4 __

a)Uuxaljo lncraess In catalyst bE44 temperature tOuring the 30l mnute ruft.
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Table E2, D=R0IN1AoL0O PyEJECALIN MV WU, 108
LABORATORY CAILAST

Catalyet Volume: 7 ml Feed: F-113 Deialin
LHSV: 100 71.6% cis-r--
Reaction Time: 30 Win 25.04 tranas-DH1NRun No. : 10548-5 C.Aý TMa

i easurs. 10 aRm

Temperature, "F -T
Block 842 952 1022• 1112 1202
Wall M(-11 768-T2 83642 916-14 l(W6B•2i
Catalast Bed Profile 617-28 653-66 689-705 732-54 8n-9146

615-21 651-55 68T-91 73o-34 8o6-37
Q-26 6626• T75-07 756-54 83o-33
635-37 676-80 725 784-80 862-56

x "F') Ii 13 16 22 1224

Product ArnaIyeie, fm
trans-DHN 30.5 2TA. 2 18.1 i1.6
ol-DH 32.1 2•.8 2 9.1 16.9
Ub 0.0 0,0 0.0 0.0 0.5
HUb A.6 io.5 7.0 1.9 5.2

C).1 0.1 0.1 0.1 0.5
N 22.6 314.0 416.8 56.8 62.0
Ui) 0.11 M.2 0.3 0.5 o.4
Cracked, liq. 0.0 0.0 I, 1 0.5 3.1

Yield THN, uw 14.2 10.1 6.6 4.3 4.8

Dr Conversion, "t 37.0 1414.6 54..1 62•. 71.1

Selectivity for THN + N, fu 99.5 99.3 98.7 97.9 94.0

Rate Conatants
Zero Order, otm, see- 3-.) 4-.143 5.69 6.91 8.42
First Orer, aec- 0.44 0.591 o.8, 1.08 1."8

Ew,, koal/mole

a) Maximum iroreaee in catalyst bed temperature durirg the
30 minute run.

b) Unidentified.
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Table 6 1. DODR0 TI•f OF DECALIN OVMM E
1O0A IABORATORY CATALYST

Catalyvt Vol.: 7 ml Feed: F-113 Decalin
1MSV: 100 74.60 cia-DHN

Reaction Tima: 30 main 25.0% trans-MM
Run No.: 10342-196 0.Je' Dw

Pressure: 10 eam
Shm No. - 16 12.I 198.I 198-2 199-1 199-2 199-3

Tolperetwe, SF
Mlock 642 932 1022 1112 I112c) ili4) 1i12)
fial 714.25 788-01 866-96 945.1078 1085-87 1067 1087-92
Catalyst led Profile 646-42 687-712 740-815 801-1064 1071-58 1058-54 1054-72

612-17 642-55 680-707 722-1036 1046-54 1054 1054-61
610-14 642-48 676-86 722-959 986-1031 1031.40 1040-0
62-28 62-68 105.0 761-901 923-10C6 1006-35 1035-53

nou, eft) 1S 25 75 314 - .

Product klyslo, %w
trans-Oili 30.8 27.5 23.2 19.2 22.3 24.4 25.2
cie.ONh 30.0 20.2 22.5 26.5 52.2 59.3 60.9
uS) 0.0 0.0 0.3 3.9 9.5 7.0 6.2
TIN 17.2 13.8 leo 6.3 3.7 2.3 2.1
Ub) 0.0 g0. 0.1 0.4 2.2 1.9 1.5
I 21.8 32.5 44.5 42.3 717 2.7 I.5
Ub) 0.2 0.2 0.2 0.2 0.0 0.0 0.0
Creiked, IIq. 0.C 0.0 0.1 1o2 2.4 2.4 2.6

Yield iNw, A 16.8 13.2 0.7 5.9 3.3 1.9 1.7

WHN ConvereiN$W 30.J 46.1 54.1 $4.1 25.2 16.0 13.5

Selectivity for 111 * 1, •N N., 69.. 98.7 09.4 43J 20.9 23.8

oes Cwotants
Zero Order, eta, oc'" 3.71 4.68 5.86 6.44
First Order, ooc* 0.47 0.63 0.85 0.93 -

[Ekt, keal/sole a -6 -

s) azimsm increaee In catalyst bed temperature "dring the 30minute run.
b) Unldontflfed.
c) PA=e 199-1, 199-2, 19.-3 were conecutive rune of I0-vinmto duration following Run 198-2,
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Table 614. DnirROGERATIM OF DECALIN OVER SMELL

91A IABORATORY CATALYST

Catalyst Vol.: 7 ml Feed: F-113 Decalin
LMIV - 100 74.6% cis-DUNI
Reaction Time: 0 min 25.0% tra-n-DHN
Run No.: i0342-180 0.14% THN

Preseuro: 10 atm
"UISV: i00

..• Temperature, *F
Block 842 932 1022 1112 12(CI
Wall 705-09 7T0-7T 842-48 918-25 1010--2
Catalyst Bed Profile 63T-50 680-7C2 T1o-66 794-869 916-1121

61T-15 640-51 676-89 -2947 806-968
* 621-1T 641.-5i 682-89 7"6-43 804-5i

62-1 653-57 693-9k 752-48 820-31

Ama, "•)13 22 36 50 205

Product Analysis, %w
tranu-DIG4 31.0 26.1 21.14 16.8 11.5
a ipr"{ 29.8 27.6 23.5 21.14 18.0
ub) 0.0 0.0 0.0 0.4 1.6
T11M 18.1 114.3 10.3 6.4 5.1

(D C.1 0.3 0.3 0.0 0.0
IN 20.3 31.5 44.2 5i.14 60.1.
Ub) 0.1 0.2 0.2 0.3 0.3
Cracked, liq. 0.0 0.0 0.1 0.3 3.1

Yield IM, 7w 18.3 13.9 9.9 6.o 4..7

DHN uversion, 4i 39.0 46.1 54.9 61.6 68.8

Selectivity for THN + N, ýv 99.5 98.1 98.T 98.3 95.0

Rate Constants
Zero Order, atm, see- 3.68 4.60 5.80 6.88 8.38
First Order, see"I 0.47 0.61 0.88 1.OT 1.42

Ea0 t, kcal/mole <------- -- > 63

a) Maximum increase in oatalyst bed temperature during the 30
minute run.

b) Unidentified.
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Part II

Tables5 Dg{YDoommTIt' OF flECALIN COMl MELL
105B IUAB'MTORY CATALYST

Cata.yst Vol.: 7 ml Feed: F-113 Decalin
LHSV: 100 711.6% cis-rWM
Reaction Time: 30 mitn 25.0% trne-rm
Run No.: 188 0.4% THN

Pressure: 10 atm
IMSV: 10i

Tem-erature, %f
Block 8L42 932 1022 1112 10
wall lTOr-109 763-65 827T-3 898-910 1028-M148

CataystBedProile 626-33 658-69 700-20 T56-831 9741-11w0
621-26 655-46o 69!,-9 738461 869-1106'
62.4-26 65T7-62 693-i 8 7I0-52 812-1061
632-35 665--69 07-09 759-63 851-1006

T 11 20 75 23T

Product Analysis, Owv
trmn•h��32.4I 26.9 21.0 15.9 12.9

2¶1 •8.1 25.2 22.2 21.T 31.9
Ub0.0 0.0 0.0 0.10 0.5

Th• 17.0 13.6 9.5 5J. 5.1.
O.l0.0 0.0 0.0 0 l0 0.1

N 22.4 3I .1 I 6.9 56.3 45.3
.b) 0 /. 0.2 o.I o./ 0.2

Craakod, 1iq. 0.0 0.0 0.1 0.11 3-T

Yield 'IM, fw 16.6 13.2 9.3 5.0 5.0

W Ccmversion, %w 39.,3 7.7 56.6 61.9 55.0

Selectlvity for THN + N, %v 99.5 99.I4 99.2 99.2 91.7

Rate Constants
Zero Order, atm, 3o."0 3.71 14.73 5.91 6.83 -

Firt Order, sel OAT< --- 0.8T 1.0-

knrto kOal/SwOe

M)aximu increase in catalyst bed temperature during the 30
minute run.

b) Unidentifled.
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Analyses for napiithene dehydrogenation systems have been made
almost entirely with an F & M GLC (Models 710 and 5754A) using a packed column
and a thermal conductivity detector. This technique is useful for rapid
analyses and for determining trace amounts of material; but for analyzing mix-
tures of close boiling compounds, such an oin and trans i•amera of poly methby 1
and ethyl substituted cyclohexanes, a capillary colun is needed.a) An future
work on fuel evaluation will involve analyses of uwlticoupunent systems
having a multiplicity of close boiling components, it was expedient to convert
our analysis ayutem. to the capillary technique.

At present our analyses are being made with an F & M GLC, Model 5754A
using a hydrogen flame detector and a 1651 stainless steel capillpry column,
0.010" diameter, coated with 20% phenyl ethers in DC 710 silicone. The
superior resolution of the capillary column over a packed column is shown tV
chromatograms of a mixture or diethylcyclohexane isomers and their cis and
trans species that were analyzed by the capillary (Figue 71) and packed
column tr(!m _72_) techniques.

Micro Catalyst Test Reactor Data

The micro catalyst test reactor (MICTR) and the operational
techniques used for screening candida&e catalysts have been descr4'bed in the
Appendix or the last Annual Report. 1 Catalysts are tested with MCII at UWS
150 and 662,T52 and 842"F and with n-heptane at U45V 10 and 842 and 932F,
in all cases at 10 atm pressure without added bydrogen. Figures 87 through
89 of ret 19 show the %pparatus in detail, except that the feed line
pressure gauge has been eliminated to reduce feed line hold up and a check-
valve installed to prevent accidental "blow-back".

The original Wheelco Integrating recorder (for GIZ peeks) became
unserviceable and was replaced after run 291 by a Honeywell integrating
recorder. Thids in turn was replaced by a Westronic integrating recorder
starting with run 531. Starting with rnn 27T, a small screen vas placed
above the bottom slotted separator in the HICTH tube. This was dcne to
prevent an occasiconal small catalyst or quartz particle from plugging the
slot which would cause an. increase in back-preesure and a co•rresponding
decrease in conversion over catalysts under test. At least once a week the
reference catalysts 9874-24 or 159 were retested and the results used as a
base point for performance evaluation of candiuate catalysts tested for that
particular week. The test results are shown chronologically in Tables 66,
67, 68 and 70. Table 60 gives preliminary results with coeting candidates
as described earl-er. A few runs have been left out where mechanical or
ir.strumental problems occurred and the validity of the data are in doubt.
In such cases the catalysts were retested.

a) An excellent discussion of the usefulness or various GLC techniques is
given by L. S. Ettre in "Open Tubular Columns in Gas Chromatography",
Plenerr Press, New York, 1965.
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Tabie 67. MCII DEI{YDROGENATION WITH VARIOUS CATALYSTS IN M!CTR: RUNS 1484-.572

PrIov In co,ost.,, 1106T FetMry. 19.4.V
t 1 -a 1,.e 1- at,, ree..e itlilyt.l~~ r,.4-.4 II, hyjc-. at ?96%,

lift 10,4o110. "~A .1.ialhl1A174 I erjw..,t 0.35.1 1,. 26 a55, .2 1 8.1
TA .MI. -F coT-t (2 4 s % -

1.01 I n 6 t I -oi.'t

* C.2h.6.lTB. 46 atta,%;%. tn. I %rorte (1 0.3)4 25, 26,.6 7%6, wo( 0 17, 1

/M., tn1. 6 *"t1 p r

1.09 10?W8O.1 ?C Tr1,'t CI I ! ,, I. I /4ty. I .., .1 rt 0.821 16, 1, 15, 26, 27. 2j 7 e1 iS. It
4w6 A0811.9 Is P118.8 ty". 1'.' 62.10 .1. 21, 29 41, &9, 67 '1, is, 67
4 91 .0a210-118 FiiT.1lio, 2. 68/171. I "'ry,.wt ci,18% o, o, 0 0. 0, 0 0. ý'. 0
45? 1()M0.170 24 Ut.le/"0 171. I mr,ýprt k 1 111 656 22, )1. 21 51. S6, 55 5,1, :6A 1

/oJ6 tyre' 6 -Po. rt

49S 4666-15 7Ilatae11, $5.6, ;1, 44.6,6 0. I69 0, 0 0, 0 0, 0
196 671,9.2f -rl-teL1I 11 .8),S 1.6, 96.81, 0. Sao 0. 0 0. 0 0, 0
695 616V.93 Triital-IiI-!, 2.1, . 93.16 1.69 I 0, 0 0, 0 0, 0
6-96 661A.6.A 81e..e11,10. M2, 51.84 0-.153 9, 10, 0 s. 6., 6.1.,

(1 97 OW69162 01Italli,, (8.4, 51.66 Olol 0, a 0, 0 0, 0
196 6749-106 7r1..t.1ile, 55.9, 6.0, 60% 0.611 0. v, 4 6 .6 it
696 66W,- 159C O1.wttille. 1, y.16 0.95r 0, 0 0, 0 0, 0
5w0 (0~.6 "I~stoill, 5.7.5, 61.59 0,516 0, 0 0, 0 9
S01 9867139 is P6/9-B tyo 6Also, 0.10- b) b)
502 10260-119A it bot..1ji1 0. I (c,,troll *.,pport 0.612 213 23 9. 22 66, w2. 30 75. 19, 13
509 IWW-0119C I..t1, ,

2 6
/type I I.rp.r1. 0.721 36, 25, 26 56, 52, 55 T3, 71, 75

506 9871,-159 is n/O-6 tyle 67,0) ("r)1 0.62" 29, 26, 21 50, 52. 69g 76, It, 72
W 55 I04060.1l 44 W4. 1 /IY0 4&P 0.721 110, .11. 21 5), 5., 54 79. 112, 19
"56 10280-1191 BI"Otailido. 1, llI/tyl. I ftrpnr' 0.71A 20, 22, 22 44A. W. 31 71, 79, 71
301 10260.1190 bleats: Ila, 1, 36/nyl. I .'.,ont 0.12 "7, 26, 09 s1, ho, 64 60, 43, 4
we6 10286011.91 10 mtai/t~'p I oenpona 0..94 26,1b. t,20 1 63, 4) 0 to 1. 40, 16
W 59 lw102801 66 0mt.1/typ I .JypOI 0-724- 26, 26. 29 SO, $35, ft. as 6, 82a

$1.0 1006.18126A 26 ootal/typ, I mrprlI 0.573 2a, 20, 2) 9), 46, 31 Is. 79. It
U1l l04f0.124-1 at hilsi/byt* I D.J.s.&r 10.6w 21, 96, 22 51, %1 % A., 75, 76
512 109."31190 lvwt.I1I,, 21. lI/tyV4 I aoup*A c 72.1 23. 26, ;12 62. 51. %8 ?1. IS, vG
$59 1028.I9I g 1tlit.111,, 5, loit~yl. 1.I Olws 0.764 05, $1, 02 37. 56. "1 9., 79, (5
516 ( 9876-19Iq is .12. ty'. 10,0, ("et) 0-4,24 all, 26, 29 50. 53, it 7I, T6. 70
519 102000.119. 1164iiil, , 0. Ž

6
,tyio I *',ry.., 0-8811 ;5, a3, 26 8, 93, 53 eo, 66, 64

S16 1020-191 I6.71, 5, WI/Nyp I .,rpoe 0.799 215, 2I, 22 "8, 11, 5$ 76, a). it
SIT 10000UOUA ol9 ilA1 . 10I, '*jtyye I W.ops% 0.6ft 19, 19, 11 w2, hill 60 s, %T, 54
lid1 10280-1200 I'Iat4Ille, 1, 26/tyse I WP.pr A .64,2 16, 20, P0 39, 96, %54 6, 6T, 46
51.9 0*170 8U1.149sll0, 1. 316/tyw. I a.p'-nn 0.731 IT, 26,1 19 58,S 33, S3 99, 52,
510 I0260.10"t 19 matel/typi, I burp."i 0.7M0 6, 6,1 '. ):, 0, 9 IV:, 01, 21
501 L000.12u 60 " Im.ll~o, 2, 16/typo enPPoet 0.125 79 0, g0 69, 67, %1 44. 41, 39
S92 102601.20 olmotellie, ), it/type 1 nyPorO1 0.720 20, J12, 00 .47, 4,1, 63 M2 II, 7i
1:3 I02%.1006 Ilintaf llI., 5, 31typ I ftfp-ri 0.800 16, IV, 71 0.- 39, )a 93 5): SO:
52k ICW-1.20H MW1,6I1lo. ), 26/troo. I elljor 0.1161 5, a .18 76 6 4,.6, 60 69, ti, 60
923 904-6159 1 ft/R.6 type 41,3 " (raf 0.4%1 as, a., 20 M, III. if 72, 69, 70
526 104012 66 ,/type I sup.t 0.69 $7, 3P, n29 5,96, ?11 T9,71 16
527 102ft-II21 66 eMol/ty0 .e I O.Pp'fl) 0.613 is:, 26 26 ST. S7. 76 2, 73, 1
52o [102600.120 j1rimo.tskil.Ill.,1 I6/~yoe I r..ps 0.68 21 26.h 26a I6 90 6 .) 6e 7, It
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Table-67 (Cont'i). MCII DEIIYDRC(ENATION WITH VARIOM. CATALYSTS IN IItfCTR

))D )0t2i-~ tl.t1l,I 3,,5ily I mw;-*%. 0.76 - 5 22 i , 05 3, 40, 66 56, '1, 5?
$51 Salk-INp to Pt/A-S tnuw t-1.* (rot) 06510 01, ad, 26 'a, 67, ig 7, 76, Tv
SY2 102')-I22A rrI0.L, o, II, I,, mo57,ts I Fpm" u.w 0730 aa. n. 22 69, "6, hE. 471, 4, 6a
113 :(.4*- ""') ? I ftq IAI ,50, $t't, I SU 0. 710 27, A., 20 'A. M., 67 6). 44i
513 1l.42-Pis 3'~s, li/t"i- I .. ppr .. Arra .72, 24, n Sa 52.0, 51 67. TO, d9
$5$$ 20-I1 m'tM11il., 1. 1, wtrn'. I npwtn 0. 15 4., 2). S 5. LA, 6 M6 ) 9.,)).5
$36 10 T'oyim.4uti., 3.1,1/.. *,upprt I m 26,w 0.M 84 , ?" 50, 52. 54 71, 7n, a2
$37 2f~io ttV-Wi., I9.4 ^tn* I ýpo 0, TT ": , 1. 966, bd, 41L 66, ST, 07

1 OPA-, ymL ýtlo 114, .1 T2) Wb . 22 116. 55. $y W., 761 76
55 mv.-If0- I 046.19? 0-75- .. 6 I.~ 25 ss, $3, SO 77, 8). TT
40AII2). I Yl I0U*1. 191' 0.762 4), 21, 20 Ill 69, 69 N6 7?, .ri,

51.1I O0.0's o 1?.W t. i9e3 1 0450 22, 82, 21 hg, h0, gi 7t, Ts. 16
)w2 1%4306* 27 to "%..sAn.. I *.ýpoii O.59$ la, 22, 25 47. 41, 64 10, TO. 6S,

3a) molgI5I6%..s/tyn. I ,..lptt .0 2 0, Rk, 22 6T, 45. 65 nl, TO. 70
M6 I O0.I.'6A 1 St /4411 type I Un~owt II 0.sv is 11. , 10 90, 21, A 4 0, N, 30

/44t %Wo IT btr6.r
5k5 SO076. 0 /111 It 970. 194620 (r.7) 0.111) 110, 06, 36 10, LA, W0 ST. 1,1 E
$06 102410- LAS 0tnlae to 130-1~r ) 0.539 1), IW. It %?, in. it W, 56, 5)
34? 10000-1wo fAwut1iste, 6, 64/ip. I ns'poi 0.SS 0, 0 0. 0 0, 0
$6A lif.6 s-so - wtsl/tn.. I mtpporo 0.6119 20, 41, 1) 51,b. 60, 66 i, 77, 76
$69 10900-0A6 blok1.110, ) 30"tn, I ooPPm1 0.7TM .10. 14. 26 W0, 9. %0 "9. is, so
$10 10^-1411*5 MM41e11I', 5. Il/lope 1 6-116o ?n 0. A.26, 24. W.9 ho 7. 6, 7n
$5I10W 150001.A Stnt1WWt-. 2, 61/typ. I .. pV,'. 0.729 20, IS. 26 65, 60, 65 60, T0, El,
110 Ins10m.I$5:. S...l, . 66/1y. 1 *.-ppt 0.fl7 0. 0 0, 0 0, 0
A)S 10260.l 1 /5% '.22 2eem " I e 111 19 .1 41 1

me/S.4 "oo Iwo. (a P66 Ir ~$,3,5 6. 77 79

%-A 100A1,)IhSA 93 5tt all' 15066 9, 1. i 7, LA, 115 69, 4,6
m5 102016.20 OV' .90) 6.6W6 05. 20. 19 Ill 6,1 62 U., 67, S7

lid 10980-116A6 34 lotoI/4011 .WOAt" C!. oil (4,.6 #1 A7,? 6, 60 4L, 7), nl

Si7 Iwvt-Iw- 90716.it) 0719 $A, &I. "2 $, Sa, $1 -6, -A, 10
SSG 96767 9076-7 0.751 1), it. *2 U. '9, 3111 , 14. It T

31 9016.159 it Pt/U.S tm, &I"~ (NO) 0.626 t, it. %s66, 66 o6 72, u-a, 1
340t02613I S 0t-1/MA tnyi I ar..wt 41I 0.14 ad. SO, 015,$,30 6,1,

/N4 t
n.w I omtR

$62 loka),.1550 l02&5.I13Cf 0,4111 ft. 22, 21 $, 0. 69 79, 761,

/60CI to 4 t-*;iV)2I

05$ 100600-ISS156 YO w60I1)/60 top. I .,qp..t j I 0.ATS 19. 19, 86 4$, 41. M0 Y), 90. 51

/697120 t .,,poo M2)

S&412 96i-tc %tt t/trp.tI ,pport 8 W 00.71 2h,1,2 OV g,60,6 6 , 70. 1,

54 97-loS. 'ms n'/yo I mW-o66 41.5,0 0, P0, 21 91. 30, U0 it, 6$, 7

"[ 549 ,-I ho6.10 imt&b tms~/ I O.qomitl 0.168 al.,11. 82 $%, $3, 59 6), TY, iL'
Su,~ 90716..Im bp.1 :oIt60ak564 w 4. s. It. so 0..1 7 50,5 so.26,5.,79

50 v Uh.I Is t41l 1/tm2 I -m-not 0.6VA 26, SIt. 21 I-, l5, N0 Sa &, 6L,.5

$71' 10OW-161. A9 bete /Am I htuw60 (0.45) 10, oil P1 IS, 67, kA 67 So g
Sr 1,,1,AW ,.41k .I. 0'IA ftw 6.0ho. 12,2,n 1, 6 1 T

ludso 6bI0.4 i It.0.96422 of.U' 4'2efi soropr. ~ #J
* 0,71. 09/

* UI~ "141a.l 6 bime0r.
b* w 54*5151766 st Mlyt~.

6 Imlmim 0. or.4 .nlnIl..4.i

Akwopcrt 2"'.4 1 rII24 W ." .' tw n~gmtles .
1) ft.42rt w59iý Jrt TU Soft". if9t"Sot..
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i ?iab).a 69._. MCH MlD BO,,YNATION WITH V¥MOUS-CAtalYSTS
IN MICTR- VARIOU:S SUPPORTS

Farlods Jun.4ugust 1967

Cv;•ilonv: 10 ate presoure; catalyst re'uced In H2 for 20 *Inu'w
""- -"- it 796f. UU rate mnu c€talyot charjj& :'-rloble.

! Reto i ..-

to __Catalyst t of XRuno )I. a.. o lJoned RChergng Converted toi .221 to on sight 0:Toluene (TS20t)

5irsnular C-1alyota

311 901) 6• 4% PtI/00 support ty•e no. I - grenuljI- 0.32 S9, S8, S2
1 20; binder type no..0

312 30 $30 04 Pt/82; too supports type to. granular 0.44 $a, 55, 54
-- 20A' binder type . 6

338 9 5E 2% Pti82; tvo supports typo no. Sronular 0.51 62, 58, 55

SCatalyst Coatings

S; 320  45 64 Pt182; too supports type no. tubs 0.26 29, 31, 31ii '',I - 18;; blhdor type no. 6
321 45 G5A 4 l Pt;825 too supports typo no. tube 1.11 1

I I - 18G LinJer type no.

i323 45 659 2 ?Q82i2• t-o suppapts tý,u, nn. tube 1.23 73, .19, 80
I - 18; binWer typs ne. 6

324 30 659 2A PtIS20 tt ujoporte type no. tube 1.23 45, 2?, 39
I - 18G blr.,, lype no. 5

326 45 66A '4; -'4•22% tb o supports type no. scrscn 0.32 29, 4!, is
I - 11.4 binder typo no. 6

32i 45 710 lo' Pt/62; tuo supports typp no,. tubs 131 5, 37. 3V
i- 18; binder type no. 5 1

1336 45 710 Z6. Pt/82; too supports type no tubk 0.34 56, U2, SL..'- 1 binder tyio no. j
-i tu ... L .

24
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To assure adequate coker olianing and avoid oontymi1ation from
cold sone dapoiits of prior runs, a atandardizsd solvent washing procedure
hu been adopted.

After the test fluid hat been drainud and the preheater-filter
soasmbly r e.yod, a I.4" a.a. l"e Is installed so that fluid circulation
can be carried out. The water to the cooler is diGoonneoCed and replaced
with a steas supply. This allows the system to be flushed with hot solvents.
F.rther, the pump speed is increased to give se -eral fold the normal 6 lb/hr
flow. The follmling sequence of solvent flushes has been found
satisfactory.

lot Flush:
Solvput by volume: i/5 Dimetbyl Forma-ida

1ý Toluene
Acetone

lxperience ha. showni thst one 15-minute flush with this potent
solvent mixturse is sufficient to remove all deposits which might otherws.ae
be diesclved by the warm hydrocarbon test fuel.

2nd Flush Series:
Solvent by volume: l/Toluene

Acetone
ýWWItyl Acetate

A -inial of 2-15 minute flushes are made, or as many as required
to produce a water-wtite effluent.

3rd Flush Series, Three Final 15 Minute Washes:
Solvent by volume: Normal Heptane

F•cL•owig the final wash, the system is opened to atmospheric
pressure at various points and each segment dried with compressed nitrogen.

Finally, the test units are replaced, the syetem closed, and
about 25 in. HS vacuum imposed for at least 20 minutes. The test fuel Is
drawn in at the end of this period, with the vacuum still on. Besides
drawing residual solvent out of the system, the vacuum reduces trapped
pockets of air and so helps to equilibrate the fuel with the sperge gas
which has the proper oxygen content.

?.urificetion of .AP-161-60 Decalin

Deoalin has a number of advantages as an endothermic fuel, mainly
Its lower vapor pressure and its better thermal etability (ccmpared to UCH).
In order to have an adequate supply of this material on hand, we obtained
thirty druma from the Air Force fuel bank (RAF-161-60). This had been in
storage since 1960. In spite of the fact that it was inhibited, and care
taken in the selection of thb materiel and the low temperature storage
oonditions, its color and thermal stability had deteriorated substantially.

- 26 -
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Samples of this material were analyted, purified and than evaluatod in tUs
benoh-soale reactor by ocaparing the reaot~vitl and stability for dekodro-
genationa with that of our F-ll3 Decalin. This work was undertaken to
devise a means of purifyi•g the 1500 gal of Docalin.

The compisitfona of the various drums were determinod In our
laboratory by standard OW techniques. Analyses vere made of drums 1, 2, 16
17 and of mixtures from drurm 3 to 15 " from 16 to 30 vith the followvit,
results (Table Tl).

Table T1. GLC ANALYSS5 OF HAk-161-6o DE=i1

Drum NO. tr!,zn-DHN, ', .ois-Dp • TMN) %

:53.2 66.o 0.8
2 66.0 0.8

3-15 mixture "3.7 65.5 0.8
16 1.i 66.1 0.8
17 0 65.1 0.9

t-e0 mixtbrs 33s o. 65.3 0.9

On the basis of the above analyses it was concluded that the Deoalin probably
came from the same lot and tat a pyLification procedure worked out for one
of the drums would be suitable for Vie •ooplete lot.

Sulfur content of the uaterial as received wes low and analysis of

"one drum alunted 2.5 ppm S.

Purification and Evaluation

In previous work with Deoalin the standard pretreatment was to pas
the decalin through a 1-in. diameter by 12-Ln. long silica gel column. A high
purity Davison Grade 950, 60-200 mesh silica gel was used for this purpcse.
As this material was suitable for removing color, olefins and sulfur, it was of
interest to see if a silica gel trea.tment would purity the 30 drums of decalin
satisfactorily. For this purpose both Davison Grade 950 (high purity; 60-200
mesh) and Grade 20 (less pure; 20-40 mesh) were tested. The cost of the former
was about I,7.00/lb and that or Grade 28 was 54ý/lb. Both gels appeared to be
"equally effective in removing the color impurities (visual inapection), neither
gel looered thie sulfur content below 2 ppmaand both gels improved the reactivity

*: of the decalin and the stability of the catalyst markedly over the deoalin as

- 2 477 -
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received (Table 72)s when teeted at 10 atr pxesoure, lV22F, euid LMW of 100.
Pbr examplevwth ?Ppe uiitartrA ecajin 19.4,' c,:nvxjioii and a catalyst tempera-
ture increase of VJ4" d,'ring tho run 'was obv.:wvedpwhile for decalir pasosd
through R 12-in. aii-a gel column, 4% converuion and catalyst bed temperature
increases of 38 to 47F were observed. The increase in catalyst bed tempera-
ture during tWe rUn was take. as a iviasure of catalyst deactivation. In these
tests the Grade 10 silica gel a;ppeared Just as effective as the more costly
Crade 950. 'Jius; it appears that for catal•tio de&ydxcgenation a silica gel
treatment of the RAr-161-60 Vill be oatlsfactory.

Tests were also done to see if the si!ic L go! treatment would improve
tVe thermal stability to on a.ceptable value, and al-no ".o determine hnW much
silica 7el would be nece;ed to purify the -0 drums of Decalin. The treotment
consisted in pasvig DHN through a silica gel co3umn (?-In. diameter x 11-in.
long, ca 500-600 ml volume) and collecting the effluent in 500-600 ml samples.
steam-Jet gum, microgum and Erdco Coker tcsts were then 6one on the nsmples.
Because the DIIN as received was colored, a light transmiession ,wasurement
(Beckman DU Speotrophotometer) wan carried out concurrently on the effluent to
soe if the DUN purification could be monitored Ly a light tr-nsmnssion technique.

Steam-Jet gum, microgum, and spectrophotometric light transmissionr
observations of successive sampler showed that Grade 950 and OGade 28 silina
gels were not depleted until just after 40 to I and 60 to I volumes of decal1:•
per volume of silica gel had been treateds respectively. The depletion of
silica gel activity was very sharp in each case and corresponded to the exact
time when the visual color band reached the bottom of the silica gel column.
No gradual charge in purity of the effluent was observed in either case,

Table shows a comparison of the effectiveness of the two grades
of silica gel for material taken as near the silica gel depletion point as
possible, considering the volume of sample required for a te3t. However,
for the coker toots this amounted to about 3 jal, or Gbout the laat 20
volumes prior to the break point. A slightly better result was indicated by
light transmission for the Grade 950 compared to the Grade 28 near the
saturation point, but this is probably not significant. Cs'ade 950 also
looked a little better in the coker results, but, once mort., the difference
is so small as to be of doubtful significance. The most intorestL-ng result
was that Grade 28 purified about 50V more Decalin than Grade 9 •, despite
the coarse grain size of the former (20-40 mesh vs 60-2W.0 tchr). Treating
rates were kept about equal by use of a stopcock flow control on the Grade
28 column. A second i.mportant observation was the approximately 300"7
improvement in thermal stability effected by silica gel treatment.

No vigniffeent differences were obcezrid in gum contents. Inter-
estingly, the Decalin had a rather marked yellow color prior to treatment.
The colored material was found to be rather volatile so that most of it was
vaporized in both gum tests. Hence, the effective•iess of the silica gel
was not properly disclosed by the gum analyses. Attempts will be made to
characterize the adsorbate since it appears to have such a deleterious
effect on thermal stability.

-.248 .
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Table 7. COWARATIVE Y..IWTIVE .S OF DAVISON GRADM 50 AND 28 SILICA
GkI I THIF 1PURFJ'jTION OF W.7-161-bG D&jkLIN

RAF-161-60 RAF-161-6o
RAU-161-60 Treated at 40:1 Treated at 60:1Analytio&l Test "As Received" With Grade With Grade

950 Sio0 28 Si02

Sctn-Jet OuMzb) wg/100 al 0.6 t 0.3 0.5 ± o.3 0.0 0.1S....0.0

Vdcrogvm,O) wg carbon/lO0 wl 0.16 t 0.02 0.07 ± 0.03 0.09 0.02

W1co Coker,d) 250 paig, OF
2/5 -

475 6/,..5 - -
675 6x. /204

Light Transmiacion,) 5 80.0 100.0 97.5
(relattie)

itA d3eg950 vas S•h pur•t., 60-200 mesh.;j Or•sde 2N was lower purwiy,
20-40 tresh.

b) ASTM liethod Designation: D381-61T (450F, ateam, atmospheric pressure).
o) Method described in Technical Documentary Report No. APL TDR 6Il-00,

Part II, pp. 180-187 (500"F, nitrogen, <2 =m ,Hg pressure).
d) Coker operating conditions: fuel flow, 3 1b/hrk preheater and filter

Qt same temperaturej air saturated fuels but helium gas dAve.
e) Beckmiua Model DU Speotrophotometer, 350 mW, vavelength; I cm thick cello.

-250-
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Purification of-&a jO-Drum Batch of Decalin

Following laboratory investigation of purification techniques we
have purified the entire 30 drum batch. The quality of the product obtaied
%as equal to that of the labcratory product.

The equipment for thic process consisted of a stainless steel tank
about 5 feet high and 18 inches in diameter, filled to a level of 3.3 Zeet
with the Davison Grade 28 (20-40 mesh) silica gel. The colunm was Itepored

initierl by pulling a vacuum of about 29" Hg on the silica gel with the
vessel tightly closed. After several hours at thic. pressure, about 20 gals
of laboratory purified De-.alia was drawn Into the column to vet the gel.
The column was then filled with unpurified Decalin to within a couple of
inches of the top.

During operation, Decalin was pressixred into the top o,," the column
froa an original drum at the rate of about 55 •al per 1 hours, rA was
allowed to percolate dcvi through the silica gc bed and flow into a fresh
epoxy-lined drum (the first product was recycled). Flow was monitored with
a needle valve and rotameter, and samples were taken at the begimingn and
end of each drum. In operation, a drum was put on stream in the mornding and
taken off at night, requiring little attention during the day since the
pressuring gas (N02 ) was automatically controlled. iUquid level in the
column was maintained above the level of the gel bed at all times. After
the samples had been checked spectrophotometrically by comparism with a
"pure" reference sample, the drum was then pumped intc a clean epoxy-lined
1500 gal tank. The total 30 drums were finally stirred thoroughly in the
large tank by vigorous bubbling with nitrogen to assure cnastant compositiou
during usage.

A Deckman Model DU Spect.ophotometer, at 350 mu wavelength with 1
ca quartz cells, was used for the light transmission measurementq. Lighttransmission was improved ca. 25 percent by the silics gel treatment, with

no alWnificant variations in the quality of samples during the 30 drm
treating process. Thus, ur to a volume ratio of about 39:1, Grade P8 silica
gel performed its purt ication funcTion without, loss in effLctiveness (150
lbs or 5.4 cu. ft of silica gel for 30 55-gal d',,ms). Previoizs laboratory
results showcd the Grade 28 silica gel oul-i pxxifi' RAF-161-60 withrut
loss in effectiveness until a ratio of 60:1 was reached, after which purthy
declined rapidly. As can be been. better than a 50 percer., safety margin
was allowed in the large scale treating r.etup.

The 1500 gal tank is kept under nitrogen blanket at all times, wd
the Decalin has been nitrogen blanketed at all imiea since purification.
3,absequently, 3 drums of this mui fied Decalin, now designated F-13T, bha
been shipped to Pratt and Whitney Aircrnft (Florida), 2 drums to Wright-
Patter3on AFB, and 1 gal to Edwarda tFB. The balane is' eing used in our
own heat transfer and thexmsl stability testing.

- 251 -



.- ', .. , • • "' ," . i'

AJA.PL-Th-6T- 114
Part II

Some of the adsorbate waa removed from the column by fluehing with
haptane and acetone and Waa been recovered. Interestingly, it appears to be
an effective vesioant on susceptible skina. A GO trace of some of the
material recovered in a laboratory run is Mohwn in F!Rure 14. The~re is
evidence fCr the presenoe of 3 major components. ecause of the potentoy of
tbe total edoorbate as a thermal instabilit" promoter it will be interesting
to check the aotivity of the *operate components after separation by G0.4.

2

1 I ±i 1 1 I• I i



/ ~AFAPL-TR-67-114
Part It

SX

1'
0

Neph~e~L4 0

x I~a

64157W -5 -



[Inn

AFA.PL-Th-6?-11.

.4-0

4.... .-

orr

S.... 4' '

p? e n " a J

rd § 4
fm -".

C2
U U

ii - - - - -

ale

25



Part ii

09

b _

§ a a a V4

~. *g

* Ii U I ________________



AFArt-TR-67-114 Tnble 75. j-':WTH: DATA '1J?-VARY sim 10013-9Orart 11 _ -,,

fiWnt Trnnrifer jo !1:14 in .•TIntur, 11:-nt Trn ifer :!o'tofl

Reactor No. V*O18-82; 0.0265 In. 1D x 0.018 in. dall x (.0 In. :ong, Type 316 S.3.
Feed: t'EIt, 34.2 lb/hr - 8.95 x 10 ib/(hr.•tz)

-' - - - -1 Heatd C~

K.soured Te ild Preno., Tubes) Wall Temperature, Heatd, itv )
Rum NO. I er, 'F psig Tuesnjth, or Flux, latHvee)

I M P- tu 1(-4,,hM1 Heat,

In Out n Out (AutaIieb) Inaldec) x 10"3 hr

90-13:51 1450 68 99 695 718 0.:'5 12,5 11.3 128 1
1.35 1P5 115 128 100
2.45 131 121 128 101
3.55 134 124 129 263
14.65 159 129 129 3145
5.75 146 136 129 1427

(0-6) (128) 14.45

9o-11:10 1,22o 66 142 895 750 0.25 208 182 350 51
1.35 209 185 350 273
2.45 217 191 351. 496
5.5 224 198 352 720
k.65 238 212 355 9844
5.75 252 227 357 I,171

(0-6) (353) 1,223

90-14:28 2,950 65 240 895 735 0.25 386 328 8,0 126
1.35 69 311 865 677
1.45 382 3214 869 1,229

5.55 392 3314 874 1,783
4.65 64014 356 881 2,,540

1-ý 4140 382 890 2,900
((70-65 3,035

91>-14:45 5,,80 65 359 895 733 0.25 597 1499 1,623 255
1.35 555 457 1,614 1,261
2.145 555 457 1,6014 2,285
3.55 57 14T6 1,612 3,305
14.65 63 5C5 1,626 9 4,330
5. 70 539 6,6141 5,370

(o-61 (1,618) 5,61o

90-15:07 8,840 65 499 895 723 0.25 793 6147 2,612 37
1.35 741 59, 2,576 2,030
2.45 739 592 2.574 3,670
3.55 765 619 2,593 5,310
4.65 T90 644 2,611 6,960
5.75 832 687 2:614o) 8,603

(0-6) (2,601) 9,020

90-15:28 11,870 65 600 095 685 0.25 929 745 3 463 ne00
1.35 877 691 3,1415 2,690
2.145 877 691 3,1415 14,960
3.55 9014 T19 3,14"0 7,0140
14.65 9614 782 3,14914 9,250

57 1,111 932 3,630 11,5110
(0-ý 11 1 (3,1476) 12,060

a T.C.' spot elded to outoide wall at indicated Inches from inlet end.
bj Waoured. All T.",. jotlia on one side of horizontal tube.
a Calculated.
d)Corrected for learner. I. )values are average for entire tube.
M) Net heat to fluid up to indicated tube length.
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AFAPM-'TR-67-114Z
Tsble 76. F5&TR; DATA strmmAmY s¶3IFS IO018-94 Part I1

Hent Tr,,rf,,r 2, T.H In MInlrture H:nt TrAnifo'r Section

Reactor No. 10018-8?; 0.0265 in. D x 0.018 in. wall x 6.0 In. long, Type 316 S.S.
Feed: MCI., 45.3 ib/hr - 11.85 x 10e ib/(hr.ft2)

Ia Ist CWTAA-IMeseumd Fluid I Vus e Well Tetoiwrsture, flux.d) istivee)

Ir :n Ojt 1.T u In Outside) 1 i-

94-9:)6 50. 650 H ')85 0,25 11 104 1806
1.35 119 105 16. Lll

"-.55 130 116 ]81 371
., 1.-38 12J 182 .86

(0:.69 (1.1) 62)}

94912 1,.0 '9 123 886 595 0.25 200 169 1.25 61
1.35 20 171. 426 332
2.65 213 182 1.27 602
3.55 222 191 '.29 874'
1..65 238 207 4.32 1,11.9
5T- 251 220 1.31 1,142'

(49) 1,187

94-9:53 3,24c • 59 196 8U 6o, 0.25 547 2. 959 139
1.55 546 281 958 748
2.45 358 293 963 1,358
3.55 371 3o6 969 1,972
4..65 bWo 35 981 2,591
5.7 1.20 355 989 3 ql7

(o.0) (97o) 3:,6

94-10;10 5,390 48 280 88 596 0.25 5o o I, ,58 228
1.35 1.92 392 11 571 1 232
2.45 506 106 1,582 2,236

*3.55 526 1.27 1,591 3,2441
4 1.65 566 1.68 1,~ 'M 4260

"""5.75 595 197 1, 6, ),28(0-6) (1,5.95) 515-15

94-10:19 T,6&0 48 356 886 590 0.25 6Oki 507 2,245 321
1.35 621 1.87 2,23 1,7149
2.45 6j5 501 2,2 1 3,170

, 55 651 52& 2,257 •.,600
4.65 TOT 5T5 2,28T 6,o0o
5.7 72 611 2,308 7,500I (o. (226,2) 7,850

94-10:27 10,210 148 437 86 573 0.25 76T 597 2,943 465
W.5 TO. 5M 2,925 2,292
2.4.5 760 593 2,940 4.160
3.55 783 617 2,157 61o0o
4.65 826 661 2,992 7.920
5.7ý 88 T14 (3:035 9,830

(0-6? 27 71 (.965) 10,280

94-10:36 1 -,7 '8 58 0 0.25 917 705 3,9T5 57'
.35 892 679 3,91.8 3,095

2.4.5 901 691 3,960 5,61o
3.55 936 724 3,996 8,140
14.65 967 755 b,026 10,690
5.75 1,078 8T1 It147 13, 280

(0-6) (4,001) 13,900

m) T.C.'s spot voided to outside vwll at indi:mted inches tra inlet end.
b) Meseured. All T.C. Juwctdmon on one side of horizontal tube.
o C alculated.
d Correated for losses. ( , values are eserage for entire tUbe.

Net heat to fluid up to indicsted tube 1*ugth.

64157 -.257-.



Tnble 7T. F.`,!7;_ DAT A '-A Y-m sio8

Ru No Fli Tub Wal .hrooysWl o. Rel CA. a

II

1013 !eu* Tert MeLnt, 4 Iv lt1.
Heat Tran r to .N. tLroton In TInemture Heat Transfer Section

Reactor Ino 10018-9t; 0.0265 in. ID x 0.018 tn. wall x 6.0 Ir.. long, Type 316 S.S.
Feed: Nitrogen, 6.j lb/hr - 1.65 x 108 1b/(hr, ft2)

bprt•nta2 Te 5mooemd 1sr6 lcu1.ted Vet 9

10013- T004 Te5. 2% * 1 .) t5911. Itwer , *C p eigt t~ L~o L ength, ,'• w . .. . . lu/( x , • 1 ,-tv

Dtu/hr lzp Zoe /(0°$ta 14*t,~
In Out In Out In hehsn) PosItlo.,b) .j Out.Ia. IJtoi e x Y*S$u

AS"9 66 68 168 ' 52. )66 0.5 a 11m 0 (210) (19O) I2.7 0

1.0 T 212 1 133 260 53.1 106

1.8 a 150 2 352 109 1921. 61
2.6 T i66 : L422 k1 1.9 92

).k. a 52 93 419  2W 1&25
4.2 T 200 5 216 25 1 201 1551

5.0 %16 , ((,31) (623.) 2o.6 206
5.7 T 260 (0-6) (ss.9)

1 (60 , 688•98 52 3266 0.5 0 526 0 (30o) (197) 180 0
1.0 t 281 1 28. 268 296 106

1. T m3 2 352 6339 302 2169

4 690. h 65• B 10 196 263.'. 3 ,. ,.9 81 200 41.0

.2 T 0' TO 56 881 2i 557

5.0 a 8'r 6 (6s9) (622) 206
5.1 T 61' (0-6) (193)

151o3 1,059 68 8 52% 27 0., 312 0 (4o) (281) 270 0

1.0 T 6.20 1 6.01 .09 281. 146.

1.8 a m0 2 533 518 293 2

2.6 T 595 3 950 9653 502 ?T99
3- 690 16 1760 71. 310 676105

8. 19 5 81 61. 318 813
* 5.0 a 880 6 (991 ) (919) 532 1042

5.1 t 962 (0-6) (oal)

1.0 7 651 1 631. 609 1.3 24

.6 , t 911 3 991 968 1.76 *rrl.
2S.6 ' 1,198 5 1,31".9 1,527 51 I9 1,346

o4.2 T v.11 1 1,170 1,117 1.95 1,051

5.7 1' 1,1.7 (0-6) (1.1')-- - - _

ST.C.'s spot veld4 to outside vell at i•dicated Inrhee from inlet end bu bar.
Locat1oI of t.C. Jwnotion o horLaontal tube. B - 3ottc@, T - Uop.

C Outslde vail Utilwreturs ty sacoothlng *Xperimmvtal data. Inside tesperatures by oalcuaetioc.
Correet*4 for Ioa..o. Va'lues in ( ) are avorage over entire heated leagth.
SWt beat to Miuld up to uirloated tube length.
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FAPL.TFL-6T-Ill4
Part II

TkbUe 78. FSTR:, DATA SUITIARY 5•.I.S 10018-101

hfst Trnn•_er to Water In Miniature Heat Trannfer Section

Reactor No. 10018-9T; 0.0265 in. ID x 0.018 in. well x 6.0 in. long, lype 316 S.S.
Feed: Water, 54.1 lb/hr - 14.13 x 106 lb/(hr.fta)

____xpritwntal De- S&othhed uAd Calculated DINC

Fun Nlo. Fluid Tube Wall Thtramouplee. C i-IG:b-. AXr+ em, Pr~os., WeGl TernS, ]b aj J•

101 - P/rr, IF P04 tlo e • e t,/(hr~ft5) Heat,
Btu,'hr -- p -~~ 1 -- ~r Hat

in Out In Out Inches*) PQoitlo F utuI Is z Inel Btu " Ib
- - - - -.. -..-.-

11n01 1,8TO 58 a" %1 0. B 149 0 (1148) (107') 542 0
1 0 T L45 1 2146 1O5 '142 J19
1.8 a 147 2 146 105 542 26
2.6 T 146 3 149 106 514,89 9

152 1 1 544 1,255
N2 T 14 5 19 120 5148 1,569

5.0 3 175 6 (195) (152) 555 1,887r
5.1 T lie8 (o-6) (544J)

lli11 6,530 58 181 89 506 0.5 5 3,14 0 (34T) (215) 1,906 0
1.0 T 350 1 M2 200 1,892 1,098
1.8 B 322 2 521 l89 1,882 2,188
2.6 T 32 3, 19S 2,90 209

5 355 225 1,•, 91 4 1TM

1:' To M6o 5 T1 263 195 5,500

50 0 6 (n) (5t9) 1.99, 6,6"
5.7 7 1621 (0-6) (1,915)

12:03 10, 180 58 2514 '9519 0.) 1 1497 0 (m0) (3114) 2o959 0
1.0 T 1470 1 414 279 2,926 1,701
..8 0 1459 2 T455 262 2,911 5,808

2.6 T 1 ,50 3 5 2 2,920 4,070O
5.4 a 1485 14 502 311 2956 6, ro
14.2 T 8;95 5 V3 5A 5,016 lT, 5w
.0o a 5T6 6 (64y) ("I61) 5,097 10,270

5.7 T 602 (0-6) (2,96o)

12:51 114,810 58 336 889 5T5 0.3 P 6147 0 651 387 14,540 0
1.0 7 606 1 61) 347 14,290 2,1496
1:8 3 591 2 591 323 14,260 14,0
2.6 T 588 611 315 14,290 7,114

3 633 1 61.5 )80 14,140 '3,930
Z7 64..687 5 OT 25 1b 3V 12,1450
5.0 9 689 6 (T3)) (1472) (4: 26fi) 15,010
5.7 1 716 (0-6) (4 )30)

15:01 21,•0•d 58v1•44s W l 5n• -h 3 e 746 0 (me7) (89) 5.9"0 0
1.0 T 729 1 757 58 5," 5,379
1.8 1 752 2 TUT7 400 5: mo 6,7T60
2.6 T "') 71 1 414 5,920 10,170
3.14 812 8f 1484 6,o10 15•,62e
14.2 8 214 5 80 540 6,070 11,110

5: 900 (958) (621) 6,250 20,670
5.7 T 925 (0-) (5.960)

) T.C 'l 
to outside Will at IMIcated 

1abte tro inlet end bus box.

o) Outside Wall temperatures Ly th~ln exptrlamnt,1 date. Inside Ute3~rstumee by ealoulation.
a) Com etad froZ losses. Values in )ane averago over entire heated 1eafth.

M1 et heat to fluid up to iriicated tube leongt.

64157 -.259-.



AFAPL-f -6T- 11l
Port I T

Thble 7f. I'F•TR; DATA t;!.r.T-ARY ,,IFS) 10018.108

Ao-at.Tranrtf':r To-Wrter Tn Mini• ture Hent Transrer S,•"tion

Reactor No. 10018-103; 0.0265" ID x 0.018" wall x 6" long, Type 316 S.S.
Feed: Water, 0. lb/hr - T7,6 x 100 lb/(hr'ft 2 )

K~aa

71,olw.ils'tal Ditto .a,-oVIh4 .in Calauleted Data

Kun r r Tute ell Therotoouplem W.11 TU,€) Ieetd CP.0v1et)

1 (oJil li'w.r, 7ewq1, "r pole Length, r ru,,,
U\- ccation In -- it . X lug,3Im ~ In Omut In.") IPelvionb "Qu.tsl Inc~ &,. .- .x r

-1:10 T7I 62 8t ri1 1 0.3 B 100 0 (100) (83) 218 0
1.0 T 10 1 105 86 49 126
1.8 8 106 2 109 92 219 2)2
2.6 e 112 3 11 96 219 ,,9
3.16 a 115 is 117 100 m2 506.
.?2 7 120 5 12 1011, 220 633

5.0 11 1210 6 (120) (109', 221 TO-
5.1" T 12 (066) (29)

14;40 1,209 62 105 1OT 1 0.3 B 122 0 (121) (98) )57 0
S.0 7 132 1 129 10o 338 195
1.8 B 151 2 255 7.09 M39 190
2.6 r o 1 0o 140 111 340 5
3.1. B 160 I 11.6 120 31.1 783
4.2 T 1169 5 151 125 31.2 980
5.0 B 150 6 (157) (131) 343 1,178
5.1 T 157 (0.-6) (5140)

14141 1,967 62 129 101 1 0.3 5 255 0 (157) (116) 54T 0
1.0 1 172 1 166 12 550 317
1.8 s 171 2 175 2134 552 636
2.6 7 182 18 1.3 555 "56
3.4 3 183 1 195 152 558 1, 27
k.,2 191 5 202 161 %0 1,600
1.0 B 199 6 (210) (169) 56 1,925

5.1 7 210 (0-6) (555)

14.55 5,500 62 11 99 1 0.3 B 219 0 (M"5) (1M1) 1,008 o
1.0 7 21&3 1 253 161 1,013 591
1.8 B 211 2 21T 17M 1,019 1, 71T
2.6 7 260 3 2W 186 1,026 IT62
3.1. ? 0-60 It 211. 200 1,033 2,356
4.z T 20 5 215 1,0.1 2,956
5.0 B 285 6 (005) (231) 1,050 5,W6
5.7 T 305 (o.6) (1,027)

1502 1,,15o 62 200 100 1 0.3 3 A'1,3 0 (251) (165) 1,1%8 0
1.0 T M 1 OA0 171. 1,191 687
1.8 1 MA 2 27ý' 188 1.200 1,3T8
2.6 T 28 3 290 201. 1.209 2,01m
3.1. -91 p M 307 271. 1,220 2,71m
1'.2 T 316 5 326 21.0 1,251 3,1690
5.0 B 321 6 (346) (260) 1,243 4,200
5.7 T 341. (o.A) (1,211)

15•:15 5,370 6226 106 6 0.3 B 288 0 (9) (190) 1,1T 0o
1.0 7 31 1 306 201 1,5 86
1.8 a 313 2 321 216 ',516 1, 711
2.6 3 339 3 Al 256 1,531 2,622

3 34.1. 36 56 259 1,58 3,5)0

I5.0 a B 515 6 I(41T) (312) 1,388 5,320
5.7 T 1.15 (O-6) (1,535)

) I.C.0 apot welded to outside veal at .d•icseed inohee from Lnlet td bus bar.
Loot'ion or T.C. .unotlo onm horlsgmt1 tube. B - flotte , T - Top.
Outside %ll trcpe by - oothinz expriaental date. Irside teo " y obalclation.
Covnieud for loss*e. Volute in ( ) arm everoes oyer entire heated lerlgth.

cI Net heat up to i0dlcited tube length.
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AFAPL-.TR-672114
Part 11

,nble 80. F1;X'~mTh DA7TA S~nVJY SE5RTF! 1CX)R-nk.

Hent I'rnsfIr To Water Inffr1nal -p etr.at. Trr~uv1er Section

Rleactor No. 10018-110; 0.0265" ID x 0.0181, wall x 6", 13n-rType )1.6 S.S.
Feed: Water, 5.33 lb/hr -~ 1.59 x 108 lb/(hr-ft2) *

Ru EUpt-harime..1 rtV'. I A'othed and CulculatAd :mt~a I
~~~.., 1~uie I PSu jpress, Tue' Wall Tbermocoup1ca ~ f~d)" Cj,~w'

11.3018.. Pawtr, T7jrnp, F- paig Leng~th, PIll, H.t,

11 - -.u -4ý2 -U - - - _ _

l1(:58 260 2O21 0 4 0.3 a 243 0 (240) (255) 76.8 0
*1.0 T 256 1 255 250 144

26 7 265 5 26, 260 133
3 .4 a 265 4 264 259 176,
4. I ;?265 5 P6? 257

11,52 551 285 250 n1 6 C.3 3~ 12 0 (509), (298) 156 0
1.0 T 527 1 526 315 90I'd 11 514 2 3%C 525 i U
2.6 3 .59 3 55i 528 27n
3.4 0 338 b 335 524 * 61
4.2 T 354 ) 28 517 451
5.0 a 7 6 (518) 007-) *541
5.7 T )2a (0-6) (156)

11-59 956 >WO :2 144 10 0.5 v 395 0 (359) (577) 265 0
1.0 T 593 1 593 375 I"15
1.6 3 590 2 391 57 06
2.6 T 589 3 386 ~ 459
5.4 S 584 4 381 362 612* 4.2 T 580 5 M7 3555 6
5.0 B 375 6 (365) (547) U91

5.7 56'r (0.6) (M63

12124 1,3953 563 248 172 12 0.5 t 417 0 (427) ()92) .589 0
a1.0 T 4614 1 415 590 22

1.8 ft 414 2 412 587 450
2.6 T 4110 5 409 304 55.4 3 4C8 4 406 381 900
h.2 T 405 5 1.02 371 1,16,,
5.0 B 405 6 (599) (574) 2 1550
5.1 1 400 (0-6) (389)

12:1.3 1,892 554 251 19k' 13 0.,- 3 M5 0 01.5S) (39T) 552 0
1.0 T 456 1 457 4,01 3 191.8 15 1. 2 440 424 U 658
2.6 1 441 3 442 406 U977
5.4 3 442 4 443 407 0 1,.76
4.2 7 442 5 441 20 ,594
5.0 b 442 6 (456) (400) U11911)

5.7 T 456 (0.) (552)

13:15 2,594 567 260 247 16 0.'s h 461, 0 (459) (416) 670 .0
1.0 7 1.71 1 UT74 451 U58
1.8 a 4T8 2 k-9 L36 U 75
2.6 T 1473 5 480 457 1, 162
4.2 T 4180 T 1.79 1.56 *1,956
5.0 9 480 6 (475) (4.52) 23:

5. T j 47.5 (0-6) (10

b ITC.sao wiejda to oujtside van ti ise ipch.. trrol Mnet O u ,r

a Outited uwk teups t7 swathing ca rimetal datA. Itialde t*apa q calouletion
aCnrreoted for losses. Values in () ara *verage over eutbat kwatel 2ezvgth.

I 11v Matto f uiup tU Indiogtad tube length.

6-2611



Table 81.-- FSSTR, DATA SUJIARY SFRiIES 10018-119

Heat Transfer To Winter Tn Miniature Heat Transfer Section

PeIj.tor Nlo. 10018-110 0.0265"1 ID x 0.018" wall x 6" long, Type 316 s.s.
Feed: Water, 4~.97 lb/hr - 1.30 x 105 lb/'(1ir-ft 2 )

Ynperti3ntsl toata .,mooth .iiCalculoted Date -

NO. t*66ured Fluid heaus. * 10hb Wall Therwi % I.l1 emp.0 "eatd) Cumulative"
I F~t ower. Temp. 'r pug Locaio Length, *F Flux, Heat,
1-9 mu - T.,up. tn. Bt x103 !'t-U

in• out in, I* ýr,,h

hr In Out rod Iut t:' 10111,:) Outside tnh1d,

15:;10 229 l75 L281 l.i 31. 0.3 0 4416 0 (4419) (445.) 59.0 0
1.0 7 1&_.5 1 AA. _ 1 00 59.0 31
1.8 8 41.3 2 49 1.35 58.8 68
2.6 Te .38 3 W.te. n .30 56.8 102
3.1. P 1,30 4 1.p9 125 58.9 1
4.2 1 130 5 "k 140 59.0 170
5.0 B 1.13 6 (1.53) (449.) 56.9 .101.
5.7 T u51 (0.6) (58.9)

15:-.4 4 795 178 568 477 A 0.3 B .58 0 (460) (452) 131. 0
1.0 T 453 1 151 O04.6 134.
1.8 it 449 2 449 40 153. 155
2.6 T 4O95 3 50? 194 156 255
3.3. a 510 1. 52i5 315 136 312
4.2 T 530 5 5.5 537 137 o1v
5.0 B 544J C (%7r) (559) 137 4.o0
5.7 T 56,2 (w.6) (1.5)

15:36 61 161 4191 90 5 01 .0, B 562 0 (W)60 (451.) IT o
1.0 T 4.60 1 .61 450 171 99
1.8 B 1.W 2 W m44o9 1.1 198
2.6 T 538 3 507 537 173 298
3.1 b 557 b 577 567 176 5q9
4.2 T 585 5 6m5 597 17T 501
5.0 B 605 6 (63') (621) 178 6C6O

5.T T 630 (0-6) (1t7)

16:16 .0 W72 59 516 39 0.3 a3 178 0 (1.0) (N ) 2T5 0
1.0 T 1.71. 1 4.l 1.457 2m1 159a
1.8 a 595 2 607 590 283 32D
2.6 T 6.2 3 6 W 61.6 289 4.81
3.1. D 684 1. 719 r03 291. 652
1..2 T 732 5 T7% 758 295 821
5.0 a 771 6 (830) (811) 9 992
5.7 5 811 (0.6) (256)

16:P6 1,662 8 666 510 41 3 0.3 I 191 0 (555) (532) 380 0
1.0 T 555 1 555 532 380 21
1.8 B 6P6 2 68 66 395 441.1o
2.6 T 11S 3 768 756 .03 6r1
3.1 B 811 1. 858 836 u10
4.2 T 8•7 5 958 917 1.18 ,150
5.0 a 91.0 6 (1,018) (997) 425 L 390
5.T T 996 (0.6) (.01)

16:30 1,909 1 .85 800 557 1.6 0.3 B 5011 0 (687) (658) 501. 0
1.0 T 687 1 687 658 5. 21
1.8 3 792 2 08 70 520 587
2.6 T 8T7 3 91. 886 523 8W6
5.1 B 958 1 180.00 993 5.6 1,197
,.2 T 101.3 5 1,126 1$102 560 1,517
3.0 B 1 o12e 6 (1,o1.) (1,208) 573 1,a"
5.7 ,207 (o-6) (532)

b Lcatio of 7.. junction on h8rlantal tjbo. B . Wotom, 7 - Top.
Ou tside wall teop" jy W Othing exrier.*a data. Iaide team by calculation.

4 Corrected for loons. Values In C) are at *oeeniehea~ted lengh.

S.0. ..12 . .lk

No1t h~t to n'uld up to indicst, d tube lanr[th.
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A.YAPL.-Tr6T-1i'
Part II

Table 82. FagTR: DATA SUMMARY 3ERIE, IO018-126

Heat Trannfer To Water Tn Miniature Heat Transfer Section

Reactor No. 10018.122; 0.0265" ID x 0.018" wall x 4" long, T•re 316 S.S.
Feed: Water, 99.4 lb/hr - ý6.0 x 10e lb/(hrr'ft 2 )

rupertmental Date %oothed and Cal•eulated Data

Rn. Tube Will TheremoueplieNo. •m~r~srd frigd W.. ell T*Lp,e) most") cwmustive*)

10018. - iVer, Temp, Y - L&nWh, 'n Y"ux, Mloat,
126- n I - Tap. In. " x 10- MA

h In out In Out In. po,ilttonb) Out.1ie nme

15:40 2,560 67 9.1 981 0.25 174 0 (169) (9') 0

S.25 a 181 2 185 106 1.032 1,19.
2.75 T 131 5 188 Ill 1,03, 1,7M
2.25 a 185 4 (195) (116) 2,586
2.75 T 187 (NJ1)(10)
5.25 6 190

*3.50 T 1.90

13:1.8 6,030 6T 129 981 229 0.25 a 320 0 (003) (1120) 0
0.75 T 325 1 5•0 1 2,1oO 1,496
1.25 a 335 2 3 6 153 2,610 '0
1.75 T 330 3 51 165 2,620 ,10
2.25 5 34.2 . (061) (181) 6,030
2:75 T 343 (o0-1) (2,610)
3.25 a 353a
3.50 T 355

13:56 9.900 6T 168 981 .*2 0.25 5 Js62 0 (432) (11.) 0
0.75 T 465 1 476 194. 4, 2f0 •4,150
1.25 b A185 2 484 20 42o :
1.75 7 4175 z5 2 222 M ,320
2.25 I 193 (5,2) (250) 9,900
2.75 T 1.89 (0..11) (4.,00l)
3.25 B 9.1

T3.50 511

lh:OA& 15,960 67 2% 981 M 0.25 3 6&3 0 (600) (196) a
0.75 T 65) 1 661 24 6,650 3,8 0
1.25 B 675 2 6r) ZVO 6,67o0 Y66o
1.75 T 666 3 104. 297 6,72o 11,50'o
221,2 A 690 1. (158) (352) 15,1.20
2.n 7 689 (0-.) (6,670)
3.25 D 720
3.50 T 721

14:10 17,390 6T 21.1 981 249 0.21, B 691 0 (666) (211) 0
0.75 T ?06 1 T15 262 1,W0 4,290
1.25 a 2 732 280 7, 00 8,620
1.75 T T19 T65) 315 7,580 12,97o
2.25 " 7%T 51. (816) (36),
2.75 T T46 (o.A) (7,510)
3.25 B 782
3.50 T T83

12:25 19,1.0 67 265 9e1 256 0.25 B 7& 0 (737) (237) 0
0.Tn T 71 1 783 280 8,380 4,820
1.25 B M 2 01r 511 8a.0 9.690

75 T 792 841 18 :530 14,590
.25 3 W 1 (9,10) (Ire) 19, iO

2.75 T P22 (0-4l)(84)

3 0 T 860

ai 7C.'s spot welded to outlide wall at indicated innches fom i•lt end bus bar.
b) Location of Y'.C. Junotion on horitontal tube. B - bO1.tOf., T - Top.
a Outside vaii tempo2 by ewoothing ezxpricmntal data. Inside teop" by caololatlon.

Corrteted for losses. Values In ( ) are averae over entire heated length.
Net best to fluid up to indicated tube length.

64157 -263.



AAPL-Th-6T-Ul4
Part I

Tabl -F!1r. DATA St" Y S)FRUS. 1001H.-M

Rleactor No. 10018-110; 0.02?65" ID x 0.0181, wall x 6", long, Type 316 s.S.
Feed: WEH, 31.I. lb/br - 8.20 x 10" lb/(hr-ft'")

7UpgromAtul Esta *Ia*.. e.I-I.le. ~
Run 1 T eW. uultv"
No. thaeumd flut# hVS. he Well theawco~uple elT"Paa44 umiatv"

101 hI r Tvp ' I I Pai tAeOtion 1Inrt.~, nul, Hot

10103 I.634 61 im MO 98 iOk' 0.5 a P'V) 0 G-0-6) (.-5) A
1.0 T '1kT 1 ;11' Al ;,I(. 9
1.A b V91 2 1119 '-,3 "18 '
P.6 ?r V94 5 ýOO Ph'. "so
3.4 0 304 4 511 .11, '....11JI
4.2 T 0 5 1.-~. ;156 ".f. I ,',(X)
5.0 0 5:,2 6 (556) (500) 51.9 1. HUI
15 T T 550 (o.6) (NL)

1:105 S 5M3* 60 V16 Vk W 0.3 II hII 0 Nkl') (3')5) 1.(10.1 0
1.0 T its) 1 496 S10 1.011, "ml
1.8 a 4 5.' 2 451 5116 1,01-t 1,1 to
9.6 T IiA 1#'01 1,1xa 1, Vul

4 15 1 '.1 16 1XI ;'.' 5W

5.0 1 491. 6 h'1l) (4.16) 1.017 3,',J")
5.7 T 306 (".L) (1,oPWi

111#0 7,090 60 AA1. gas OkI 0.3 0 7W0 0 (7%2n~) (6.,1) 1,)97n 0
1.0 T 654 1 1.65 -',1. 1.,)16 1. 111
1.6 a 691 2 6117 lp rl 1,'90 ;% It
9.6 T 697 1 Ws3 V'ms0 s.1.5

S 2 131 616 1ý.016 6.6100
4. 12 T 75M 6%8 P. M-9 S.Tf

5.0 1 T56 6 (tM) W~o) :-, 04) 6:960
5.? T 76? (0.6) (2,006)

11.ke 10,570 60 51511 906 sat 0.3 1 681t 0 (935) (770 5,0.,o
1.0 T 636 1 Il.6 t.&' -. ,) 1,STV
1.6 a 01) k all TOO 3,010 53,'.t
?. 6 T 618 3 &A9 73', 3,050 ).;

h 1 911 VA0 5,060 6;9110m
3.0 a 981 6 (1,04k) OM5 1,LE 1.0 ."'0
3.1 T 1,01k (e.0A (5:-A8)

11:05 1,T1) 60 116 965 &h1 0.3 0 2As ~ 0 (:")5I 4"IP 0W
1.0 T .46, 1 E.6 m6 1.1 75 '.
1.6 0 A'0 ' -"18 All 4M ,k,
2.6 7 .11 -1 4I t.

1 4 ms 305 .169 UA1,10')
12.99 5 IM6 ;IQ 4 1. 51ti

5.0 II 37 6 (5m') W%91) 4.90 1. (4.
3.? ~ ~ 11 1 MAs(.) '11

-~. T 56 - -n -A1
*) IC. -a o*%f 14"e to Outside wall at Indloatsd 1wuhom from Inlet emS bus bmr.

8)Laostlom of TIC. Nnwtion an horteoptal tube. b - boattom, T - Top.
.)Out id, well tamp tgf emotht 14 .grtmsnt.1l data. inside tamps by .aloulatlio.
iCorrected for be...s. V.1w., IVA( ) Or# svwrM. Over entire helit*4 le.ngth.

Ne eto fluid tip fie tndieo~od tube length.

-264-64157
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Part 11

Tiuhle 8~4. PFTRhDATA StNllAY SFRTF.n 10018..1'9ý

Hokt. Thnnimm'r to W.1I In MtnintUre lfrnt Trrncfer Sec~jon

Reac~tor No. 1o0013.110; 0.0265"1 ID x 0.018"v11 wal 6", long, IYxO 316 S.S.
Fe.ed: Mctil, 76.) Ilb/hr - 19.8 Y. 106 lb/(hr-rt2)

IW k,' I t t.t I 1~~t Flux~1, .E 11.4%
1.6rap I' In 3r .1 ,.7 El l

Matob I. * v.0 -W.1 ,0' s&l

14) :%) W"., od 0 ed~1 .5 11 541 0 050) U51.) 1.444 0

;.1.0 1 51 1 59c3 mg ;'.r4o,.
i .1 kl.1o 4 61) 514o 1.'.7w ,iw

~'.E 4A 5;,5 3 .0 1.a ,io

6r (450 (M

))l .lI..-i ,, 4 1 . 'im OA I' 0.3 1 i 56 ~ 0 6~15) kv.) .',910 0
1.13 $5 1 W5 I 515 'P750 1,9. 1.,VI

'.4f 74 41)0366 ,l.
*..u 5 CA2 41' 46l~ (SIC r,3~.o
3. 7 6&)6 (o.6 (2,9906,q

I t~,' 10.4.4) 51 % 33 M I'.1 0.5 'p365 0 ("Ail) (319) ,100
1.0 T 5610 1 "1 TS 5913 3"g,13.3Ovr

.'.6 TI (.1. 5 6376 4ul. 3,100 5,1so.

I.1 Ab 691t 16 69 41 30 Mv ~ 6, 11k)

it. sk S13 16" 301) 3.' s:s 91

11" 1011 5 r. C , .0 h "6 0 7r1 0 (51) 5,21O 1,.0

1 0. T~ SC 1x 60" 415 0.1S 1, W"S~)(,

-: - -A 6) 44 -, 1ziL .f!!.'' ___

I.. p. wlI. .. ,.eIlw~~j 1) 0M~sa I. .1t-efl. Ine end ) (-'v her.IU

1~~~~~~~~ (.rI.Q9~ Itr 0."ws 301 1'151 Pi, ( 1.51550cd sitr ate e

61d5' it h265s.6 "41 . .



AFAL.--R-6T.114

Part Il

Tble 85. F~fTR: DATA SUMMARY SmIES 100181-0

Heat Traafe-e to MCH In Miniature Heat Traxsfe Section

Reactor No. 1001-L.c. 0.C`65" TD x 0.018" wall x 6" long, Type 316 S.S.
eFed: MCHI, 58.3 lb/hr - x 2J z 106 lb/(hr.rt 2 )

Experimntas l Dat e Smothe end.., Calouleted Dtat
Amn TuLe Wa~ll Theew•wulteo ei e, Neat) C~xulstiv*e

NO,. 140~rled Vuldý Press., Wal 1"")d
00O1q Pamr. Tamlp, poe is Lostloi | n,,t. ' , H~e t,

It 1 u.. 1 . p .,) 'F i a " i .Ttu hr

1:00 1,06 Q .30 991 517 0.3 8 190 u Oht' (I1O) 506 o
1.0 T poo 1 Il-ý 162 509
1.e B 01o 2 21, 117h 51; 588
g.6 T .116 3 22' ish 515 866
1:4 * 228 , 23, -M 51T 1,184

2 T 227 5 239 2? 5.19 1,W85
5.0 a 2., 2 1,783
5.T , 

2  (0.6) (5114)

13:21 ,580 62 1909 1526 0.5 3 300 0 (08) (218) 998 0
1.0 T 308 1 312 242 1,009 580
1.6 a 332 2 331 261 1,019 1,166
2.6 T 337 3 346 276 1,026 IT57
).. 3* 355 A, 359 109 1.032 2,351
4.2 T 35. 5 3T1 301 1,038 2,950
5.0 5 31(2 6 (061) (311) u1:,*3) %550
5.7 T 37 (0-6) 1 Go'A

13-)2 1,190 44 3o 991 519 0.3 a 9 0 (0476) (048) 2,01T 0
1.0 T 5w0 1 508 39 2,03? 1,1r2
1.8 3 51. 2 536 h.0' 21056 2,5355
2.6 T %16 5:53 3i' ,1 5.50

2,08T

5.0 t o 6 (618) (.91) 2,109 1,180
5.T T 611 (".6) (2,069)

'3:4 10,90 63 38, 991 5w 0.) 3 649 0 (626) (h99) 2,930 0
1.0 t 637 1 651. 4T1 2,930 1,699
1.8 a 690 2 687 511 2,900 3,4.10

2. M 696 $9 3:5 6b
Z71 7 5 T 51.2 5.010 8:650

.0 v 76 6 (m) (599) s.060 10o.410
5.? T 761 (0o6) (,0o0)

!1:05 14,130 641 41% "91 1472 0.3 a M9 0 (148) (51.1) 3.960 0
1:0 S T TT 1 795 569 3,990 2,298
18 3 831. 2 80 603 1,030 4,620
2.6 T 835 3 (5a C.. 41,o'ro 6,

. 0 W3 it 68 ' 1h00 9,520
1.2 T 8A 5 909 6"6 *,15}0 11,100

5.0 0 912 6 (926) (eO) 4,130 11,090
I.T ? 916 (0-6) (4,o0o)

14-11 15,630 65 59 991 451 0.5 a 85.0 0 (&,1) (581) ,570 0
1.0 T 835 1 851 .bio k 9 2,531
1.8 1 85 2 Ml•45 61. l 0h 5,100
2.6 T 90 5 916 615 4,490 T,680
.1 1 95 1. 941. TO 4,530 10,260

I 1 951. 5 976 755 4.570 12,970
1I o • a 6 (1,003) (163) 1,600 15,560

T!.C.os spot welded to outelý well at trdtomtod tahsefrm ibtlft OnM le bar.

Location of T.C. jurtton On hortmoutai tube. I Sottom, T - Top.
SOutside vwal team by "othtnw oupriimntal data. Iaside tagst I3 aloulatio.
Correetl for IceeeB. Values tn ( ) are average owr entire heated lerqg.h.
galiNot best to M•4"t Indica~ted,4 tube ler',.

-I26
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Part II

T.able 87. FSSTR: DATA aM'MY SERESl,01 8-1S..

Heat Tretxefer To t4H In Miniature Heat Traisfer Section

1Ieaotor ho. 10018-110; 0.0265" Im x 0.01R" wall x 6" long, Type 316 S.S.
Feed: MH, 0. b/hr - 7.91 x 106 lb/(br.rt 2 )

weprtmental Date cooothed and Calculated Dato

Iun * fltLd T ube Wall ThItercoupleo Wall Teap,d) H-ate) Cm1ativef')
No,. -bat Imp, Prpa.. Lerdth, r rl-, Ha.

10018- power, '"*•. pots Location TaW, In. Btu p
J2. • lZ• Gt • •tXnb) y°lln)" Outside Inside , ,,ty

1.s Out U~ out tn.~ romition*1 'Otid Md

A1137 116 596 538 912 WO6 0. B 519 0 (17 31) 2

1.0 T 5h t 554 5r.1 216 126
1.8 a 58 2 56 5 5•) 7 PLO8 25

2.6 T %65 566 5W 219 )7

3.11 3 567 571 558 21950
4.2 T 597• 577 561 219 632

5.0 3 7 6 (582) (569) 1-?0 T8
5. 1" 581 (o6) (219)

II& 52 ,l'"6 5•0 576 9gT 708 0.3 a 600 0 (.5,) (563) s16 0

1. 60m 1 609 516 518 299

1.8 5 620 2 622 591 520 599
1.6 T 651 3 653 602 522 900

1:, 638 1. 611. 613 523 1,20?
2 5 65 2* 525 1,505

5.0 a 653 6 (662) (632) 571,809
5.7 T (o.06) '322)

15:30 3•,90 %O G" 972116 0.5 a 671 0 (657) (O99) 906 0

1.0 T 682 1 685 628 "k 572

1.8 a 707 2 IO 653 1,000 1,119

?.6 T m 2 T3 0 63 1,006 1,729
7B 142 1 147 690 1,012 2,312

T 7415 5 762 705 1,015 2,8"

5.0 S 762 6 (r16) (r20) 1,019 3.485
5.7 T rr2 (o,6) (1,00)

15:20 3,9M0 533) 654 97k 697 0-3 BI 691 0 (600) (616) 1,106 0

1.0 T 0 643 1,116 645

1.8 0 70 2 72 68 115122

2.6 T 74 7 693 1.129

2 T TT1 5 1.197 3,96

5.0 3 9 1 ) 5 ,2
5 .7 T 8 06 (0 . A) z x )

Tw ,at 19 fitti. n cti " 10.6 ftu/Ib before ,nterti heated ,,0tio,.

"i.C.-S jpot Weded to outside well at tridicated inches from inlet and bus bar.

) Looatioa of T.C. ju•.in on herisontal tube. B - bottom. T - T2P.
d Otuid wall to"e to? sOthing e0parimental data. Iaide t•,ps by ualculation.

) Corracted for lossea. Value. Ii ( ) a-.e average over *ntire 'eated length.

f)Is,% heat to fluid up to indicated tube length.

-268- 641"I5T
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AFAPLTLR-6T-11f
Part 1

Table 88. FSSTR: DATA SUMMARY SERIES 10018-133

Heat Transfer To MEH In Min1ttur Heist Trnnnfer Section

Reactor No. 10018-122; 0.0265" ID x 0.018" wall x 41" long, Type 316 S.S.
Feed: moH, 69.8 lb/hr - 18.23 x 108 lb/(hr.Cft)

Fsperlawnta [Ale !:mwthedI and ra'll.e Data

Run Tut WJ 1h.mi,)tj~lP
No. Meorured Fluid rvve. , __tmp__) __,td) Cumulative")

10058.. Pouer, Terep. * F psig r MAAh flat,L). •T-r'p. Tn. P- S a.

hr in Ojt In ("., Ir..'t !y..'tol) "' ,I.+_"t.,, , ,t '.

1331 h, 71O (A 201 9.t6 9;, 0.•,, I 1.,, 0 (4u.1) (511) 0
0.1 "% T IbW I k63 53? 2.14 CY,65

1 . 7" T 6nI kA8 55h P. 030 5.510

:1.25 11 4T(0) 37),,9

13:1. 9,520 b6 320 975% 5 0. O2S 0 74 0 (158) (506) 0
0.T5 7 71.2 1 t'MT 510 k.000 2,310
I: U'5 1 7 2 757 5.15 '.,0.-0 4..610
11.11) T T50 3 TTl 51.0 1&'050 6.969D
:,.5 ft 759 Is (791) (%61) 9.29o
P.75 T 7W0 (0..) (4,020)

3 .75 T 783

13:57 13,290 66 4"23 9T6 1,57 0.25 U 959 0 (954) (655) 0
0.T5 95 o0 1 " 635 '%980 3.660
.n 8 963 2 9ss 63& 5,980 6,910

I.M T 943 !1 975 655s 6,010 .0.3-0
2.25 a 960 '1 (1,o03) (fiB) 13,s70
2.15 T' 96) Co.-4) (6,000)
3.25 0 996
3.75 T 997

14tir 16,500 66 IM 976 .43 0.25 a 1,056 0 (t,050) (6M3) 0
0.75 T 1,044 1 1,050 680 7T130 ,.120
1.2el a 1,065 2 1.051 681 7,5•a 230
1.M5 7 1 0,1 3 1.08P T13 1,30 12,360
2.25 % 1,068 4 (1.11.6) (TBg 16,530
2.r, T 1,053 (0..) (7.110)
5.25 ft 1:098
5.75 7 1,127 II

ih3 18, m.0 67 518 9T7 450 0.'5 0 1,1&.6 0 (1.13%) (MO) 0
0.75 7 1.129 1 1.135 P29 8,O5O 4,650
1.25 a 1.153 P 1.135 729 8,050 91500
1.75 T 1,122 3 1.170 765 8,120 15.970
2.25 9 1,,16 1 (1.600) (1,215) 18,860
2.75 T 13,(7 (o.) (8.160)
).25 B 1,231.
5.73 T ,1.It7

11.A%' 1., T0 67 210 976 4.96 0.2,5 a 4.65 0 (11W9 (3N1) 0
0.75 T 468 1 .70 336 2,080 1,1981.25 5 4• 2 480 346 2•,080 2,40
1.75 T hT6 3 495 561 t,090 610
2.2 1.81. 1. (521) (388) ZS
2.75 T 1.89 (O..1) (2.060)

I3.25 a 5023.75 T 511 -

a) C.-s spot melded to outside wall, a. Irndleate3 incente fromu inlet W~ Lu. bar.
bi taeation of T.C. junetion on horituntal tuba. B a Bottom. T - Top.
@ t Outsile wall temps by ovauothing *Iprlmmntal date. Intie tda o by caloulation.
"i) Correoted ror losses. Vaius. in ) are average over entire eaoted length.

) Not heat to fluid up to Indic4ated t.At lrgth.

W.57 _269-
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Part II

Table * IGNMION DELAYS ?M n-%)CTANt-OXYGEN-ARGON

[Pr ,I rea, Delay, Pr.ess Tempp Delay, Preens, Temp,I Delay,
pei& OK g1see t pei* 1 '1J useo pals 'OK pe

80W Argo, ER - 0.1

9.T 1218 755 16.1 1208 72 25.2 1121 3489
9.6 122o T72 15.7 1158 M 216.0 1169 355
9.) 1217 539 16.5 1175 2 27.0 1163 849

10.0 1211, 931 15.2 1106 34T1 27.1 115.1•I
9.6 11i3o 35oO 16.0 11614 602 426.9 1125 2516
9.T 1165 21214 15.5 1109 3058
9.9 1196 12%6 16.3 1164 6T2
9.7 1151 26T8 17.6 M8 72

16.6 1167 496
16.6 1151 o1057

90o Arvoi, ut o0.1

9.3 1281 339 15.1 1.15 533 25.2 1.13 1056
9.2 1,2 939 15.7 125 2 1203 661
9.3 1263 539 15.-3 12 691 21:17 1218 50W
9.5 1242 939 15.: l 14.l 1383 25.6 1169 1611
9.h 1206 1462 15.1 1152 196) 26.o 0 60o 2033
9.6 1188 2248 15.8 11T 21,17 25.5 11k1 526o
9.6 1166 32841 15.4 121o0 369

90% Argon, Mt - 1.0

10.1 1221 595 17.14 i16" 2484 28.r 11 C. 8T3
10.6 1216 5w•02 16.8 1136 4.559 28.8 115t 2551
10.0 1180 3085 17.3 1159 4T.32 29.1 1173 2565
9.9 11T1 2930 16.9 1151. 2039 28.2 1150 909

10.8 12M2 5259 16.8 1155 240o 29.0 1179 367
10.0 1213 145 16.1 1142 2466 28.4 1175 2861
9.8 1188 2946 16.5 1160 2551
9.6 117T7 330

- 270 -
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AFAPL-TR-67-11•4
Part II

_Table 89 (Cnutd-1).. IGNITION DELAYS Y-n- OCANg-OXYG(-ARON

Pres Tempo Delay, Press, Temp, Delay, Pret•s, Tamp, Delay,
pi.. oI j nec psia jOKjAsc psia jK oneJ

95$ Argon, UI w 0.1

9.3 1285 651 15.8 1243 7T3 24.8 nrTr 1900
9.1 1249 968 15.1 1226 962 25.3 169 2276
9.0 1268 778 15.6 1285 358 25.5 1256 453
9.1 13•0 57 1ý.9 1187 1T15 24.0 n15 886
9.4 1259 938 16.1 1169 2465 24.8 13I 803
9.4 32o7 1724 16.1 1302 327 25.1 1252 51T

19-5 11193 1 ji1L -

9- Aon, 9•, 0•-

9.8 1252 2921 16.5 11M 334 26.9 1226 230T
10.2 1326 4T3~ 16.5 1255 531 17.1 IM11 663
1..3 1416 25 1T.1 1231. 2905 2T.3 1216 13v.
10.1 1288 1143 16.5 .211, 31W
10.5 1324 203 16.6 1233 2W3A
2o0.0 242 3641 36.5 242 1986
9.9 125 361 16.5 1258 399
9.8 1238 3638
9.8 1267 2398
9.7 1255 2989

951 Argon, UI - 1.0

9.6 1230 I340 15. M1220 1969 27.2 1195 33T1
9.7 1278 171 16.9 1217 3731 27.2 1201 3242

lO.1 123 31%6 16.1 1206 3517 27.1 1205 18
9.9 1M J236 16.14 1252 1T12

16.4 1252 1769

- 271 -
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Part 17.

Tble 89(CoinitA-2).- i0kITro)( D!UXS Pm n-0CTAn-0x!0EN-AI~00K

Press, I SPDIo AY WI 1  TE' Delay, ImM PmoesD Tei*, Delay,4

Pau jft poi I I s3OO ox 'j

99 . a 0.1

9.8 1379 2243 16.o 1348 2291 26.5 130o 2m
10.0 1370 256o 16.o 1,03 e.,7 26.5 1302 P.81
9.9 112 1001 15.9 1370 18 25.8 1336 11.
9.7T 1 A 4.52 15.9 1351. 11.03 25.2 13hl 954
9.6 A1n2 1o34 15•.6 138T T06 24.9 1392 h1i
9.5 117.1 1226 15.1 1379 897 25.0 1395 386
9.. 1138 589 15.0 108 38

10.2 1122 937

99go Arg,, U - 1.0

Q.8 1"15 3283 15.2 1282 01 26.7 1323 U88
9.9 162295 1.9 135 116,. 261.1 1 91

9.5 16.50 1398 2 25.6 1391 65
9.5 45 15.9 1390 2T.8 1305 2559
9.9 138 1743 16A1. 1359 906

16.6 1343 1 612

99% ArMo, M . 1.9

30.0 138 2573 16.3 136 279 27.1 1330 24-a
9.9 163 2291 16.5 • 1•310 2655 21.6 1290 2M07
o.41 1159 1oo 16.1 1.13 661 26.8 1383 n5o

30.3 113619 15.9 11.13 502 26.2 1391 721i
10.1 6 15.9 125 530 25.8 111. 66
10.3 11.2, 1291 16.7 139T 11.86 25.1 139 790M
10.2 1331 2602 16.5 1370 21a1 25.1 1393 790
20.2 1301 3037 2.0 1o5 162.

2, ,. ..
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Table 90. IGNITTON MKLAYS FME DMCALIN-OXNEW-AROMY

Izvssp Temp, I eePress, Tep Deay Ire.., reap, Delay,

8o% Argmo, U - 0.1

10.4 1218 1Tk3 17.4 124,3 14.9 28.9 123 159
10. 15 101o0 17.5 1lT T53 29.1 1193 708
10.3 1261 561 18.3 1206 1106 29.11 12011 4171
o10.3 15 32 18.5 1178 P349 29.9 n57 2956
10.8 1201 36 • 18.8 112 3895 29.9 1183 980

30•.0 1172 121
A ~I 29.9 11156 1388T

90% Argon, U'm 0.1

9.3 122 11,o2 11..6 185 1321 21.6 1187I 958
9.1 1231 1201 11.7T L20 66T 24.2 10 663
9.2 1266 W.5 111.7 124T7 369 21..1 122633k1
9.1 121 905 15.1 1 1WT& 25.0 1160 1706
9.0 1229 938 15.6 13w 19TT 25.6 liT 16oi
9.8 1196 1987 15.T 158 2686 25.8 U15 2W5
9.6 1182 3299 _6.5 1

900 Argon, ER w 0.2

10.9 12127 115T 16.0 MT 1 6 18

16 1 257 13 2.1 18 6

9.8 12oo 1088 15.9 119T 6T2 26.5 116 601
9.6 1269 582 15.8 =23 541 27.1 1172 2199
9.8 1301 2T6 26.1 1168 3329
9.8 1186 1.015 16.5 1201 6T2
9.7 1189 .019 16.1 1183 1•1.6
9.T IM 1 399 16.5 1203 639

16.1 18 2738

95% Argon, IR - 0.1

8.8 I1200 3186 15.1 123 1152 25.6 1235 5A1
8.9 1211 123 15.2 125 5118 26.0 1220 )A"0
8.9 1230 1926 15.2 1218 1569 25.6 1219 961
8.9 1275 T19 1,-.4 124.8 51.6 25.9 1190 222k~
9.1 1.325 230 15.6 121.6 6115 31.6 1190 251.2
8.j 12M 81.3 154 17235 932 36.0 1170 3161
9.0 I1308 262 15.9 1203 191)

16.1 na 222 -

S II I I

• • ' , , , , ,i i ii i
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•%•- ;T -, o••.r - v~r7. .I.•"f• •,. T ;-..''',." _T.-o

Mble 22 (Contd.1).- laNION DELAS FMn DIMXN•-OX .•tK GON

Pr.s.. TO. Dela PrOus TMPP DOW, PIus, Tmp D*La,
YOU Ix smao .-ia OK gaO psia O. l

95$ Argon, PR - 0.2
9A1 1260 1M7 15.. 126T 145T 26.1 1244 ±006
9.0 12518 123 15.4 1253 845 25.9 1266 326
9.2 1300 362 15.8 1238 1231 25.6 12346 6419
9.9 1250 1820 16.2 18 1971 26.3 1226 18o0
9.7 1 ~3678 15.8 1177 3826 26.5 1220 1.935
9.1 1252 1560 16.5 8 187l4 26.9 1219 1806

1. 1 26.9 .12 2057

99$ Arg=,, -- 0.2

8.8 1265 219 152 131 4'J 25.6 1266 8&7
--115 -8.7 22 ~1 1 5 is3 13o2~ 632 0 127 785

87 1317 IoT8 15.2 1265 1254 '14 * 19
9.0 1385 354 15.14 12149 159" 25.6 Mk2~I 681
9.1 1388 322 16.2 12147 202 26.0 L221 ~2=

_591= 80 2. 140 18454

9.8 174 10 15.7T 13M2 146 26.6 1z k
9.4 1L356 luim 15.5 133T 1214T 26.0 1336 125

91.3 15.1836 707 25. 1376 193
9: 5 35 16.2 1311 2221 25.5 .1. 3 21

9.9 1320 63 16.5 1.296 272 26.5 1281 21
9.9 13149 2179 26.8 W126 2683

99% Akrgoni, at w 1.0

- •

9.9 1341 3223 I16.5 1398 1116T 21.4 1323 2954
10.0 1384. 286o 15.9 1395 9T7 27.3 :i34T 2130
9.8 1"393249 15.8 11420 1458 26.9 13614 17T49
9.6 14m0 151i 15.T 13407 653 26.3 1388 1106
9.5 11431 M15 j16.6 1356 2586 25.8 1397 717
9.6 l 153 395 _16.414 13631 21371 26.0 11422 39

-27T4 -
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Table 91. IGNITION E.LAYS FMK "SX E *-OXYM-AROO

* Delay time for earl• Ignition.
[ ] Delay timu for two Ignition points

on the sam shock tube rum.

Press, Teap, Delay, Preen, Temy, Delay. l.e', r , j Tep 1 ,
pla ' psi K " pais mesae

90%a Argon. mi -m 0.1

l""9 1"4 L55
14 1400 ~214
14Z 13141 528

14.3 1280 6!3

114.2 1215 2061*
114.8 11.93 20320
15.8 1180 2313'
13.8 1.361 2149
15.0 11.84f 82

* 951. Argon, Wt - 0.2

8-5 11436 531 114.0 1378 833 23.5 13144 533
*r.4 11.56 193* 114.7 14a6 216 214.3 11411 191

58. 141 54 114.5 1W.8 221. 214.1 138T 2
0 42 13000 114.0 147~8 18T 214.1 1372 360

B.1 1149 546 J 114.7 15T4 1014 27 1325 832
8.1 1563 87.. 114.9 1569 110 2..6 1331 81.8
8.1 1.,63 1. 114.8 1n 502 24.8 1327 98D

8.3 144,3 610 15.2 1372 84 24.8 12. S•,8
8.3 11412 571 15.5 1328 10140 25.0 1267 i15A
8.8 1.433 567 15.3 121 25146 25.3 123 3 1348.8 13T5 543 15.7 1322 138T 25.1 1 8
8.8 1312 T85* 16.1 1312 1609 24.5 1219 2559

7 24 2430*] 16.o 1."69 3006
9.3 1332 2189
8.6 1326 1703

- 275 -
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Table 91 (€Omtd-l). GNITION DMLAYS FMa ".W.DM"-OXYW-AROOK

Puress, Tamp, Delfa, Press, Te•p Delt, Press, Temp, Delay,
Pae. O "nuoa 'AK 11eo

g9%a Argom, Mt - 0.1

9.0 11.33 2096 r14.9 l"4.. 834 214.T ?,473 64.9
8.7 1498 6:10 MI.2 1166 13 78J 24. Iko 6
8.7 1k12 83. r14.6 1456 6 2o1. 1-42. 726
8.8 1.7 1808 I.%. 11.81 1.200J 2.0 1.00 161
8.9 1.,8 981* 14. . 1,1. 389* 21..6 13r1 14.3,
9.0 1461 1916 15.2 1558 298* 26.9 io3 26329

14.9 1552 278* 24.5 117 2280
15.3 1" 2983 25.6 1350 W6
15.2 14 c' . 1509 26.8 1370 4.21T

f 4 !12 5 744q
IT 1495 :1091

15.:5 11.61 1558
R 1.6 51 &181T
13.6 13 87
111.5 A1.56 882
15.3 1551. 21

15:3 ~14 222
15.3 1 3537
15 1 16 2

- 276 -
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STale 92. IGNTON DMAYS FOR "SHXIDYNE" Ii-
OXIQEN-AROWN-M M' S

Preass' Terp DelaPes Temip, IDelay, Proof, 1Tamp, DePlays,.I i law# Press Ii0 I II s-ci O.X ýtt pai O.o " as O
80ýin Argon, ER - 0.1
14.2 1261 331 214.0 12614 32114.6 1247 339 24.1 12.9 92
15.3 1245 256 23.7 "i 601
15.1 1191 1507 24.3 1201 785

214.2 1151 1539. -I - I24-.7 LT? 3195

95* Argon, ER 0.1

114.7 11470 108 214.6 1537 I 59
14.6 1428 136 24.0 1472 65
14.0 1355 308 24.6 1450 156

214.5 11447 I 814
214.2 1382j 99
24.0 1312 365
214.1 1265 730
214.1 1217 I1715
23.9 12577 676

95$ Argon, ER 0.2

9.3 14n2 228 I 14.3 11432 130 214.5 1386 206
8.5 1311 529 14.9 1514 73 2-.7 1366 183
9.1 1392 368 114.9 11412 1L43 25.3 1360 231
8.6 1323 572 15.2 1)76 241 24.4 1271 777
9.0 1311 953 .14.8 1408 155
9.2 1291 1196 x4.7 135h& 269
9.7 1206 3622 15.1 13314 362

15.2 1288 676
15.6 1246 1483
15.8 1225 3403co t f

(Contiv7ed7

-2T77
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Part II

Tabli 92 (cont-1). ICNTTT'INHPELAYr3FM i"SH~1)YJIfY?"' H-
OXyQ3 :T -A-RCOH --,M I.P.YS

Press, Temp, [Delkj, Press, Temp, Delay, PreGs, Temp, Delay,
P ullaOx " P•l 0 a 'K I m P :-e

98% Argon, ER , 0.2

6.6 1285 1945 14.9 1519 247 23.7 14:66 175
8.7 fI7 .12.3 15.1 1567 155 24.2 1450 222
8.8 16T7 132 15.0 1456 %68 22.9 1349 512
9.0 1667 145 15.0 1393 551 214.1 1418 261

9.1 1590 215 15.4 1385 557 P1.1 1W3 1092
I 1214.6 1256 1244~5

98% Argon, ER u 0.5

8.6 kTo 382 14.14 1503 220 24.1 1461 183
9.0 1583 16T 14.9 1525 191 24.4 1i42 236
9.5 1593 18u 15.4 150T 200 24.4 137T 463
9.0 iW 602 15.0 1433 328 214.0 1331 74T
9.0 1418 "j9 15.2 139T .4T1 214.1 1280 1580
9.4 1469' 148 15.0 1295 1602 A.9 1261 3o06
8-T 1382 6014 15.7 L1295 rfl6
9.3 1425 432
9.3 1376 91T
9.4 1372 1154
9.T 1372 2867T

- 278 -



AFAP-TR-60-1114
Pert XI

Table 93. IGNITICf I-MLAYS FC D-OXYGTYi-ARCOW

Prese, TIn, Delay, Preos, Temp Delky, Pres, Ttrp, De1la,
Pei O wmn p'i LK ... peis p Jeo

80$ Argon, E - 0.1

11.0 1553 282 15.3 1351 219 25.6 1316 ! 92
10.-1 136 388 15.5 1393 80 23.9 12e 219o10.1 132 395 14.7 1283 278 24.7 1230 495

10.0 1436 84 15.2 1292 332 26.o I225 660
10.4 13914 86 15.9 1287 884 26.0 1161 3699
10.2 1331 910 16.0 1248 166 26.3 1208 1329
9.6 1225 3969 15.9 I1187 3768
9.6 1258 3122 16.6 1250 912

90$ Argon, ER 0.1

8.8 14•08 252 14.5 I 1 268 25.8 1403 IT
8,9 11422 179 15.6 1453 112 24.5 1320 283
9.2 1421 253 15.2 1418 98 25.2 1321 91T
9.5 1398 419 14.8 I 130T 937 25.6 1307 432
9.T 1338 1096 15.4 1285 1022 6.2 1256 1079

).0-3 1331 14051 16.2 j1293 959 25.T 115 36314
16.4 1256 1268 26.61W7 2061

- - 16.0 1191 3855

90% Argca, Eft a 0.2

9.1 1419 226 15.2 1814 261 25.3 1369 186
9.2 1425 175 15.8 1149 127 26.6 1388 180
9.6 1388 468 15.8 1378 230 26.3 134 266
9.9 1342 1003 15.9 1333 331 25.3 L960 T77

10.4 1334 891 15.8 1282 1036 26.5 1255 93716.8 1239 939 27.3 1261 1962
16.T 11215 3348

- 279 -
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Table •.IGNITION DELAYS FMR "SHLW"-
DECALMN-OXYQFN-ARGON

pmesD I PD Delay, fteshU, TMP, IDel&W, I Pal'D I eaw, IDelaY,
Iia " ILoi 2 s K Wi6OO pmae "K j 'K ,

90$ A.on#, M m 0.1

9. 1350 357 14.5 21o 31.5 133e 122
9.3 1263 1037 !'•,.8 1 4% 24.8 129o 516
9.7 1254 19i6 :L4.7 " .', 649 ?5.0 1208 674
9.7 163 1057 1I,.3 05 1257 24.8 U", 12k4

15.8 1196 187
15.8 1162 3303
16.1 120. 3269
15.2 1198 149

15.5 1422 114 25.1 1415 107

8.9 :L61 583 14.6 1366 500W 24.4 1354 176
9.2 1358 599 15.3 1584 354 24.0 130o 86
9.1 1301 1298 14.7 1304 951 I24.7 1283 635
9.5 1?97 1800 15.4 1320 571 25.9 1281 1429

10.1 1519 5219 15.6 1302 TMO 25.6 1247 3247
15.4I 1241 lAi.

- - - 15.9 1214& 33511_ _

98% Argon, ER - 0.2

9.1 15.6 289
8.T 1ý70 16 114.1, 140T 305 23.9 1391 200
9.1 422• 479 14.6 1455 244 24.0 1357 3114

14.T 1385 241 24.) 1'22 706
14.8 1338 727 24Z 12T2 2870
15.5 1320 1192 23.9 1278 1186
15.3 12T7 1594

99$ ArSon, FR - 1.0

9.5 1493 3264 15.2 1471 2550 24.4 1416 288T
9.5 1•65 2686 15.3 1550 T76 24.7 1500 o04
9.2 1598 730 15.2 149T 2T32 25.0 1585 250
8.8 11 6 1S .2 1535 964 24.6 145 4w6
9.0 1679 2 1.9 1553 925 24.5 1523 708

114.9 1590 459
15.6 1690 218
18.8 lrr2 96

-280-
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Table 95. I.NTTrON DELAYS FOR ,,SWELLDM'T:"-
BINO1R S-oX(YO1N- ARGCt1

Prese, Temp, Delay, Press, Te: , 1 Delay, Press, T D
I____I I Temp,Psau 'W ee p~a ° sc lsa KEp

95$ Argon, E . 0.2

8.6 1 3• 386 13.9 1339 2T4 23.5 1346 2T5
832 346 323 14.1 1382 213 24.1 1343 28T

.3 12 3174 14.5 13140 421 23.2 2X67 T70
14.6 1267 12)1 22.9 1212 2135
114.8 122 266T 23.9 1276 84?

* ~15.1 128 15 3. 25 12

W$ Argon, IR ' 1.0

9.1 1777 170 114.3 11466 83 45 1557 178
15.0 1597 186 24.5 1523 283
15.2 1572 393 24.3 11479 415
15.3 11476 651 214.1 11418 T16
15,1 1399 1.165 25.1 11404 1182
15.9 1378 25141 25.9 1356 2569

25.8 1384 193

- 281 -
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ThJ1'tHT F:; OF F~-7 1.

%-drc, gtn-Carbon Ratio 2.16
ýblocular Weight ITT.3
Critlc. TVh!wprnttire 73T OF
CriLlca Precouro 252 psi&
Critical Volure O.00933 ft/lb
Melting Icint -51 OF

Host of Combustion 189M0 Dtu/lb
N~ormnal Boiling Ranee ik20 -5 43 OF

Tabl- 9T. PROPERTIESOF
E-11AT SAnTURAIN2 PRESSMUR

Toeatare H t of Vapor Specific Desity, Viscosity@ %erva I E bntalpy,I~ee~e V Yalpolastion, Pressure, Heat' lb/fts lb/ft-hr *tu/t.vrF tullb
Iio/is pole IItuIb-V -u/ft.hr9 tl

0 157.7 0.0 0.344 50.? 6.A5 0.0417 -8I1.7
100 148.7 0.005 0.412 48.4 L.5o 0.0455 -140.7
200 138.# O0f 47 0.471 45.9 1,23 0.048,! - 93.0!

D 12.? I.S9 0.522 43.2 0.734 0.0493 - 38.6
400 114.6 8.75 0.568 40.1 0.144 0.0487 21.3
500 98.8 3113 0.615 36.7 0.354 0.0468 85.8
600 78.1 04.4 0.874 32.3 0.259 0.0434 15.18
7W0 44.4 192.0 0.875 25.5 0.175 0.04 731.6

-6
-... 2 L

282. .. - - -. .. • " •
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Table 98. W0A PROPERTIES OF 1'=71

wi 001i "Il

0 ~ ~ ~ ~ ~ ~ II .5l, -6A g 1 lo.4 4111 ,A

I.A 0..! 0r1) 1.
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0.1 I "! I I 1Z
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Table 99., CHARACTERISTIC PROPERTIES
OF TRAN3-DECALIN

Molecular Vaight 138.3
Critical Terperatuzre 76T *F
Critics]. Pressure ~ 422 psale
Critical Volume 0.0565 rt3 1/1b
Heat of Cambt~atioza 18,289 Btu/1b

Table 100._ LIQUIDP-mop17nT OF TRANS-DEGALIN
AT SATURATION PRESSURE

T~wtr. Neat of yaew Specific owty VIuCoaly, ThermI Ent1halpy,
Vaporization~, Preswre, Heat, lbft lbf~~*uf4' Btu/lbivi

It-i/Ib p4la *tu/lb.w¶Buf~*

0 150.3 0.001 0.366 S4.3 3.74 0.054 -173,3
100 143,? 0,065 0.4?) 53.8 10679 0.058 -135.5
200 135.2 0.905 0.475 51.1 0.967 01061 - 90.s
00126.0 5.75 0,520 48.2 0.642 0.062 - 40.4

JI0 115.1 22.3 0.563 45.1 0.464 0.061 14.3
50o 101.8 62.5 0.606 4118 0.352 0.059 72.6
to0 64.6 141.5S 0.660 37.4 06M 0.056 135.8
7M0 58.9 278.0 0.194 31J6 0.20 0.053 206.7

- ~ ~ 2- -.



AFAP3L.TR-6T-u'*
Pa~rt I I

Table 101. GAS PROPERTIES OF TRANS-DECALIN

00

1100 0. c

* 10 0. C ) 0.01 0: fj 1. l .a 0-j . .CL .^
IWO 0 , Ca .. 0 . l .. % -n'9 0.37 . 3. 0.00:0a

a. 00-4 O~ 0. 0~ .060 j*90.."0 0.-i .01 0 & a .', 0, u

0. W30an 0.P J0 I1 0.#
60 .0 9 a., C~v . Oki Va G.UnI ).,A' I 91 0 I-5v4 0.-*.t 0 o30.9 215

*o Op.010 009 QImt. 13.%i
100, 0.310j I~ ~

000 0.90"30 0.",s00t7*A 

v t-

0%w 0. 16

0.00,4 a.6 A".~

m10 930f 0'"0 0 00. 0.6"0 0.000 0. W. 0 00 01 .1

TV0 O.01 ".6-1 006 0.-0 0.1 .8 .7 01. 4 0.6 C9

low 0.6: 0 15

8%M 4

70 010.?2 S6."1 01.9 4, A.8 45J.0 "6.49 001.0 '9.2I
i009 $3d. 9 9.6 a9. fin 909 1002.0 51". 910.4 91. XT1.1 ¶0'

0.1 kmD :g 0.8a2 amil O.a e:o
900 0t.900 j .9 I04 1 .0 0.90 0.0 .k I001 08 .0 .007

129 0011 0. 9912 0.00 .04 .70 a.* G4m 0 0 .96 N. o .9

*oo -qo 9" e aw 9 , lojro

. 0 ': v, 0.91 0.01 0.1o 0.-15 is T 2.

0000 0 I a. 0 I:.0r0 1 6 s j! 0.,a19 0.:61 1 o: , 19 t'.0

600

1.8% I ..013 0.64P ,A h o SO . I .14 aS4
low i I 1.0 "L01 ') *.06. N . cI .0"t

100 1.%I00 . I-2 1 .; 0._9 o .'o ý .~j_ _5 _ _71 _ I
0:0 0. 1:"4 1 -. 1 I.Vlo 196op Ifl I' :" :.Y

700 1061 000 79 on7 all00

6-A 58% AA00400 11 91 9 0 2 )

rA 61 M. -1 418
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Table 102. CHARMTERISTXC PROPERTIES
of 1f-ENUY-NN" 7.1

Critical Tomr.erature 9145.J& '1
Critical freuaiie 1448 vdia
Critical Yolwie 0.01478 ft /lb
!!eat of Combustion 178145 BtujAb
Normal Boiling point 501.8 OF

286 a
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Table 103. LIQID PROPETI"E OF "SHELLDYNE" AT SATURATION PBfSSURE9m
Thcmi.l Sur,'aee Hoat Heat Heat of Vaporjlemp. rbeKty, V'sioo/ ty# Colu:%iv , TTns on cSioOy Content., 1 Vaporization, Prea3ws*,ar lb/cu ft,',-t ,' Btu/lb Btu/lb Palaci

.60 122,07 ooo. .098 .099 .ao07 -13.6 1".7
-4o 71.-5 485.o .097 .0970 .220 -9.3 14.6 -

-=20 70.9 140!M .22 -48 142 -
0 ro.5 532. .096 .0922 .245 0.0 1 i.4 -

20 69.91 167. .095 .0,98 ,257 5.0 1.0.3 .0000
4o 69.37 108. .oY5 .0874 .270. 10.3 139.1 .0001
60 68.E2 72.9 .094 .0651 .282 15.8 1T.9 .0002
8o 68." ýa,4 .09 08al ,Oq , 2 4 .6 1!6.7 -o9."

100 67.72 55.7 .093 .0804 .507 27.6 155.5 .0014
120 67.16 25.9 .- 92 .o781 .319 33.9 1•4.3 .0033
140 66.60 19.2 .092 .0758 .*33 4O.4 I13.1 .0071
160 66.04 -4.5 .U91 .OT35 .344 4T.1 131.8 .0144

6ll.2 .o,) .0712 .356 ý4.1 ,1o.5 .02
200 64,49 1298 00 ,068 . -;9 6,,- z•U.2 .0510
220 61,.,1 6.96 .'9 .0667 .381 68.9 12J.9 .0900
240 6.172 5.60 .088 .0644 .393 76.6 126.5 .1528
260 63.13 4.56 .087 .o622 .406 84.6 125.1 .2905
280 62.5 3.7 .o86 .o6oo .418 2.8 123.7
500 61.92 3.12 81 .0578 130 101.3 122.3 .6129
320 61.31 2.61 .064 .0556 .441 1o.10 120.9 .9179
340 6o.69 2.21 .083 .0535 .452 119.0 U9.4
36o 6o.o0 1.89 .oa2 .0513 .463 128.1 117.9 .

W 1.., 11.7 3718
k o- 8.79 1.41 .0,7% . 71• .3• zo •k' .

420 58,13 1.25 .078 .01,5o .4953 1•.• b 2131 5.023
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